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Abstract 
 
Hydroxypropyl-β-cyclodextrin (HPβCD) has been tested successfully in the laboratory 
and in the field for enhanced flushing of low-polarity contaminants from aquifers.  The 
cyclodextrin molecule forms a toroidal structure, which has a hydrophobic cavity.  Within this 
cavity, organic compounds of appropriate shape and size can form inclusion complexes, which is 
the basis for the use of cyclodextrin in groundwater remediation. The hydrophilic exterior of the 
molecule makes cyclodextrin highly water-soluble.  The solubility of cyclodextrins can be 
further enhanced by adding functional groups, such as hydroxypropyl groups, to the cyclodextrin 
core.  The aqueous solubility of HPβCD exceeds 950 g/L.  These high solubilities are 
advantageous for field applications because they permit relatively high concentrations of the 
flushing agent.   
In order for cyclodextrin to become a feasible remediative alternative, it must be 
demonstrate a short term resistance to biodegradation during field application, but ultimately 
biodegrade so as not to pose a long term presence in the aquifer.  The potential for degradation of 
cyclodextrin as well as changes in the chlorinated solvents and groundwater geochemistry were 
examined during the post monitoring of a field demonstration in a shallow aquifer at Little Creek 
Naval Amphibious Base in Virginia.  It was found that a portion of the cyclodextrin remaining in 
the aquifer after the cessation of field activities biodegraded during the 425 days of post 
monitoring.  This degradation also led to the degradation of the chlorinated solvents 
trichloroethylene and 1,1-trichloroethane through both biological and chemical processes.  The 
aquifer remained anaerobic with average dissolved oxygen levels below 0.5 mg/L.  Dissolved 
nitrate and sulfate concentrations within the cyclodextrin plume decreased due their being used 
 ix
as terminal electron acceptors during the degradation of the cyclodextrin.  The concentrations of 
total iron at the field site showed no change over time.   
 It can be concluded from this research that cyclodextrin remaining in the subsurface after 
cessation of active remediation will degrade due to microbial processes.  The chlorinated 
solvents will also degrade through both chemical and biological processes to their daughter 
products.  The terminal electron acceptors present within the cyclodextrin plume will also be 
used for energy during the degradation processes. 
 
1 
Chapter 1 Introduction 
Disposal of non-aqueous phase organic liquids (NAPLs) into the environment, such as 
chlorinated solvents, fuels, and coal tars, have compromised a large portion of the groundwater 
resources in the United States.  However, the cost of remediating these waste sites with present 
techniques would be in excess of one trillion dollars (Wang and Brusseau, 1995).  To reduce 
these financial liabilities, development of innovative and more cost-effective methods for soil 
and groundwater remediation are actively being pursued. One method for improving remediation 
results involves flushing solution agents which are capable of enhancing the solubility of low-
polarity organic compounds in contaminated aquifers.  One of the concerns with solubility 
enhancing agents, such as surfactants, alcohols, and cyclodextrins, involves the fate of residual 
solutions left in the aquifer and their effect on subsequent contaminant fate and transport and 
groundwater geochemistry. 
Currently, the most common method for remediating aquifers contaminated with 
chlorinated solvents is flushing, extraction, and treatment of contaminated groundwater.  This 
process is often referred to as groundwater pump-and-treat.  This technique of flushing the 
contaminated portions of aquifers with groundwater is frequently inefficient for the removal of 
NAPLs and contaminants which are strongly sorbed to soils.  This poor performance is due 
primarily to the low aqueous solubilities of many of these organic contaminants, their rate-
limited dissolution from the sorbed and NAPL phases, and the inability to flush the volumes of 
water needed to solubilize the contaminants due to aquifer physical heterogeneity (Russell and 
Rabideau, 2000, McCray et al., 1999a, McCray et al., 1999b). These limitations can lead to 
lengthy and costly groundwater remediation efforts with pump-and-treat (Mackay and Cherry, 
1989). 
2 
In this study, the effective performance of cyclodextrin as a remedial agent was evaluated as 
well as the fate and transport of the cyclodextrin remaining in the subsurface after the cessation 
of field activities.  The goals of this research involve analysis of the fate of cyclodextrin left in 
the aquifer after cessation of active remedial activities and its implication on groundwater 
geochemistry and contamination.  The specific objectives are: 1) to determine the in-situ 
degradation rate of hydroxypropyl-beta-cyclodextrin (HPβCD) in an anaerobic shallow 
unconfined sandy aquifer, 2) determine the influence of residual HPβCD on groundwater 
geochemistry, specifically dissolved oxygen, nitrate, and sulfate levels, and 3) determine if 
HPβCD degradation leads to increased degradation of chlorinated solvents. 
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Chapter 2 Literature Review 
In an effort to find more productive alternatives to groundwater pump-and-treat, the 
performance of surfactants, alcohols, and bioremediation as remedial techniques is being widely 
evaluated (Chen et al. 2001, Jawitz et al. 2000, Zhang et al. 1997, Augustijn and Rao 1995, 
Edwards et al. 1991). Surfactants are soluble compounds that reduce the interfacial tension 
between two liquids or a liquid and a solid, thus causing mobilization of the contaminant.  Some 
surfactants can also been successfully employed for aquifer remediation because they can 
enhance the aqueous concentration of contaminants through NAPL solubilization and can 
increase contaminant bioavailability, thus increasing the biodegradation rate of the contaminants 
(Chen et al. 2001, Goudar et al. 1999, Walter et al.1997, Bury and Miller 1993, Abdul et al. 
1992).  Above a threshold concentration, the molecules of contaminant solubility enhancing 
surfactants group themselves in formations called micelles where the polar end of the surfactant 
molecules is directed outward to water which is also polar and the nonpolar end is directed 
inward to the interior of the micelle.  The interior of the micelles is then a favorable environment 
for the partitioning of nonpolar organic contaminants.   
A field study by Abdul et al. (1992), demonstrated that surfactant application can lead to 
increased recovery of contaminants while minimizing the removal of groundwater.  In this study, 
an alcohol ethoxylate surfactant in aqueous solution was used for in-situ washing of a 
polychlorinated biphenyl (PCBs) and oil contaminated site, which resulted in the removal of 
more than 80% of the PCB and oil. Surfactants are also capable of increasing the amount of 
biodegradation of the contaminants.  A laboratory study by Bury and Miller (1993) showed when 
hydrocarbons, specifically decane and tetradecane, are solubilized in ethoxylated alcohol 
surfactants, the rate of biodegradation of these hydrocarbons is substantially increased.  Even 
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though surfactants are potentially capable of extracting large amounts of contaminants, there is 
concern associate with the fate of the surfactant solutions remaining in the subsurface after 
cessation of remediation activities. The surfactant solutions remaining in the aquifer can either 
increase the degradation rates of the contaminants by increasing bioavailability or they can 
impede their degradation.  One limiting factor in enhancing the activity of dechlorinating 
microorganisms in dense non-aqueous phase liquid (DNAPL) source zones at field sites is 
obtaining contact between microorganisms, the contaminant, and terminal electron acceptor.  A 
laboratory study conducted by McGuire and Hughes (2003) demonstrated the influence of 
surfactants on perchloroethene (PCE) dechlorination. The results showed that the nonionic 
surfactant Tween 80 had the least impact on the transformation of PCE to the lesser-chlorinated 
species of trichloroethene (TCE), dichloroethene (DCE), vinyl chloride, and ethane.  Steol CS-
330, an anionic surfactant, appeared to be less inhibitory than AOS 14-16, an anionic surfactant, 
although each showed signs of TCE and DCE as the dominant products of PCE dechlorination.  
It was also found that TCE, in surfactant micelles, is less bioavailable than PCE and by 
increasing the micellar phase present, the bioavailability of TCE was further reduced.  Even 
though surfactants are productive agents for extraction of contaminants, they can also have 
negative effects on contaminant distribution and biodegradation.  Easily degradable surfactants 
are often unproductive due to their high cost and the greater amounts needed.  Non-degradable 
surfactants leave high residual concentrations which can lead to problems such as increased 
contaminant sorption capacity of the aquifer soil (Chen et al. 2001). Laboratory experiments by 
Goudar et al. (1999) demonstrated that a microbial population capable of degrading 
hydrocarbons was also proficient in degrading surfactants by using the surfactants as the sole 
carbon source.  This study also showed that surfactants such as sodium dodecyl sulfate, which 
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were susceptible to biodegradation, significantly repressed degradation of benzene, toluene, and 
p-xylene.  In the absence of the surfactant, the hydrocarbon mixture was degraded in 21-27 hours 
whereas 70-115 hours were required in the presence of the surfactant.  Even though the 
surfactant is effective in solubilizing several hydrocarbons, it may not be applicable for 
subsurface remediation because it is readily biodegradable.  Most of the surfactant may be lost 
due to biodegradation even before it can bring about enhancements in the bioavailability of the 
contaminants.  This process may slow down any ongoing aerobic hydrocarbon biodegradation at 
the field site and will deplete oxygen.  Using a less biodegradable surfactant can mitigate this 
problem; however, it can persist in the subsurface.   
Sometimes the biodegradation rate of the contaminants may be lowered due to the low 
bioavailability of the contaminant within the surfactant molecule (Zhang et al. 1997, Volkering 
et al. 1995). Volkering et al. (1995) conducted a laboratory experiment to investigate the effects 
of four nonionic surfactants on the bioavailability and the rates of biodegradation of naphthalene 
and phenanthrene.  They found that these polyaromatic hydrocarbons (PAHs) in the micellar 
phase are not readily bioavailable to microorganisms.  From this they concluded that this factor 
may lower the concentration of contaminant in the water phase outside the micelles which 
reduces the biodegradation of the contaminant.  Due to the limitations of using surfactants for 
remediation, other techniques, such as alcohol flushing, are often implemented instead.   
Alcohols are also used for enhanced remediation of NAPL and strongly sorbed toxic 
organic compounds because they may either enhance mobilization of the NAPL or enhance the 
solubility of the contaminants (Augustijn and Rao 1995).  Alcohols decrease the interfacial 
tension between the advecting solution phase and a NAPL, which was stationary.  This may 
result in inducing mobilization of the NAPL phase.  Alcohols can also increase the solubility of 
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non-polar organic chemicals and reduce their tendency to partition on to the aquifer porous 
media.  When alcohol is added to the groundwater, the polarity of the solvent mixture decreases 
resulting in increased solubility of the non-polar organic chemicals.  A field study by Jawitz et al. 
(2000) evaluated in-situ alcohol flushing for enhanced solubilization and extraction of a PCE 
dense nonaqueous phase liquid (DNAPL).  During this pilot-scale study, the test zone was 
flushed with a total of 34 kL (2 PV) of a 95% ethanol and 5% water mixture over the course of 
three days.  The alcohol flushing removed approximately 43 L of PCE from the test zone which 
was 62% of the PCE NAPL contamination.  The alcohol flush was also capable of lowering the 
groundwater levels of PCE by 92%.   
The alcohols that are left in the subsurface after remediation activities have ended can 
also be beneficial by being used as electron donors for the indigenous microorganisms.  Lack of 
electron donors in the groundwater is one potential limiting factor in the effective usage of 
biodegradation as a remediation technique.  Substances such as lactate, methanol, and ethanol 
have been used as added electron donors in both laboratory and field experiments to enhance in-
situ dehalogenation of chlorinated solvents (Mravik et al. 2003, Gao et al. 1997, Schöllhorn et al. 
1997). It has also been found that alcohols can serve as the electron donors in the dehalogenation 
of dichloroethene.  Villarante et al. (2001) conducted a laboratory experiment on the degradation 
of chlorinated ethenes in industrial soils using the indigenous microbial population that was 
stimulated by adding different electron donors.  Microcosm slurries containing 2.6% soil from a 
PCE contaminated site were supplemented with different electron donors, such as the alcohols 
methanol, ethanol, propanol, and butanol, for sixty days.  This study concluded that there was no 
dechlorination activity in the absence of an added electron donor.  The addition of any of the 
electron donors studied in the work resulted in slow but incomplete degradation of the soil 
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supplied with DCE.  Butanol additions produced no DCE degradation at all during a 60 day 
observation period.  The addition of fresh PCE produced complete degradation of PCE and the 
DCE in the soil in the cultures supplemented with alcohols with an even number of carbon 
atoms.  Alcohols with an odd number of carbon atoms either did not produce dehalogenation (as 
with methanol) or only dehalogenated PCE to DCE (as with propanol). The requirement for 
supplementary PCE suggests that it could serve as the lead to the entire dehalogenation pathway.  
This study concluded that the degradation of the DCE from the contaminated soil is linked to the 
presence of freshly added PCE and that only selected electron donors, namely alcohols with an 
even number of carbon atoms, can produce complete dechlorination of the added and the original 
chlorinated ethenes in the soil.   
Although alcohols have been demonstrated in the field to be a successful method in 
extracting large quantities of NAPL, several issues need to be considered prior to their 
implementation. Potential problems to address before the start of remediation activities with 
alcohols include consideration of the likely non-uniform distributions of hydraulic conductivity 
and contamination, enhanced potential for transport of dissolved contaminants off-site, and the 
cost of the alcohols (Augustijn and Rao 1995).  The choice of a suitable alcohol co-solvent 
depends on the extraction capacity of the solvent for the target contaminants, biodegradability, 
cost, and permitting issues.   
Another innovative remediation agent that operates by improving the apparent solubility 
of organic contaminants is cyclodextrin.  In the case of cyclodextrins, the enhanced apparent 
solubility of the advecting phase is accomplished by the highly soluble cyclodextrin molecules 
forming inclusion complexes with many organic solutes which increases the solution-phase 
content of the organic contaminants (McCray and Brusseau, 1998, Brusseau et al. 1994, Wang 
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and Brusseau, 1993).  Cyclodextrin is a glucose-based (the chemical formula for glucose is 
C6H12O6) molecule produced from the action of an enzyme on starch (Bender and Komiyana, 
1978).  It is widely employed in the pharmaceutical, petroleum, agriculture, and cosmetics 
industries.  This wide range of uses enhances the acceptance and aids in the permitting of 
cyclodextrins for environmental applications.  
The cyclodextrin base molecule is designated by Greek letters to denote the number of 
glucose units: α for six, β for seven, and γ for eight (Brusseau et al., 1999).  In the case of β-
cyclodextrin the chemical formula is C42H70O35.  As can be seen from this formula, β-
cyclodextrin differs from the simple addition of seven glucose molecules in that is has fourteen 
fewer hydrogen atoms and seven less oxygen atoms.  In cyclodextrin molecules, those atoms are 
lost when the glucose molecules combine to form torroidal shapes whose interior is nonpolar and 
exterior is polar.  The volume of the cavities of α, β, and γ-cyclodextrin molecules are on average 
0.176, 0.346, and 0.561 nm3 respectively (Blyshak et al., 1986).   
An important property of cyclodextrins is their ability to complex many different types of 
low-polarity solutes within their cavities. This complexation will increase the solution-phase 
solubility of organic contaminants.  The polar exterior gives the cyclodextrin molecule a large 
aqueous solubility. Among the three types of base cyclodextrin molecules (α, β, and γ), β-
cyclodextrin is usually the least expensive.  However, it has only limited solubility in water, 
causing its complexes to be only slightly water-soluble therefore it is often chemically modified 
to increase the solubility.  One widely used derivative, hydroxypropyl-β-cyclodextrin (HPβCD), 
is highly water-soluble.  Blanford et al. (2001) found that the solubility of HPβCD exceeds 800 
g/L.  Many of these additional functional groups such as hydroxypropyl can increase the aqueous 
solubility of CD while others such as ethyl groups make CD less soluble in water.  Groups such 
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as hydroxypropyl and methyl groups will increase the hydrophobicity of the cavity and greatly 
raise the rate of organic contaminant complexation.  Other groups such as carboxymethyl enable 
the CD molecule to complex both metals and organic contaminants. In all there are over seventy 
types of cyclodextrin commercially available (Cyclolabs, Budapest Hungary, Wacker Chemie, 
and Cerestar).   
Among the different substituted forms of cyclodextrin, hydroxypropyl-β-cyclodextrin has 
been the most widely evaluated for environmental restoration of chlorinated solvent sites 
(Boving et al. 2004).  The chemical formula for the HPβCD molecule is (C42H70-nO35)(C3H7O)n  
where n represents the degree of substitution for the hydroxypropyl group.  For cycloddextrins 
there are three potential locations for substitution per glucose unit, which means that the total 
number of sites available are 18, 21, and 24 for α, β, and γ respectively.  This degree of 
substitution determines the random distribution of the hydroxypropyl groups for the individual 
HPβCD molecules.  The sites not occupied by the hydroxypropyl group are occupied by 
hydrogen instead.  The chemical structure of the HPβCD molecule can be seen in Figure 1.   
Cyclodextrins are advantageous for use in remediation because they are considered to be 
non-toxic to humans, so there are minimized concerns associated with injection of the molecules 
into the subsurface (Bardi et al. 2000).  This attribute has resulted in wide-scale usage of 
cyclodextrins in personal care products, pharmaceuticals, and other consumer goods. 
Cyclodextrins also do not appear to harm aquifer resident microbial populations, experiences 
little or no sorption to aquifer solids (Brusseau et al. 1994), is not subject to precipitation (Wang 
and Brusseau, 1995), and performs under a range of pH and ionic strengths (Brusseau et al. 1997, 
Wang and Brusseau, 1995).  The primary disadvantage of using cyclodextrin for remediation is 
that they have a smaller solubilization power compared to that of alcohols and surfactants due to 
10 
the lower hydrophobicity of the cyclodextrin cavity compared to the interior of the micelles 
(Wang and Brusseau, 1993).    
 
Figure 1:  Chemical structure of the HPβCD molecule. 
Solubilization agents, such as alcohols and surfactants, often may be in the environment 
and they themselves may be degraded.  The enzymes released into the water by these degrading 
microbes may unintentionally breakdown other contaminants in the water from which the 
microbes do not draw energy.  This process is termed co-metabolic degradation.  Chlorinated 
solvents have been widely observed to cometabolically degrade in the presence of methanol 
(Strand et al. 1990), toluene (Wackett and Gibson, 1988), and other organic solvents.  There are 
experiments that have shown degradation of many chlorinated aliphatic compounds, such as 
trichloroethylene, dichloroethylene, vinyl chloride, chloroform, and dichloromethane, by cultures 
of specialized aerobic organisms such as methane-oxidizing methanotrophs, toluene degraders, 
and phenol degraders that contain monooxygenase or dioxygenase enzymes (Long et al. 1993).  
The degradation of chlorinated aliphatic compounds by these specialized aerobic bacteria is 
considered to occur by cometabolic reactions because the chlorinated aliphatic compound does 
not serve as a growth substrate.  These bacteria produce nonsubstrate-specific enzymes such as 
methane monooxygenase by the methanotrophs or catechol-c,3-dioxygenase by aerobic phenol 
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and toluene degraders that are capable of initiating reactions that lead to the mineralization of 
chlorinated organic compounds by common heterotrophic organisms (Long et al. 1993).  Under 
aerobic conditions, TCE degradation is dependent upon enzyme induction in microbial 
populations growing on another readily degradable compound.  Toluene, another common 
subsurface contaminant that often coexists with TCE at hazardous waste sites, is one of the 
compounds that can support this chance degradation of TCE (El-Farhan et al. 2000). 
For biological degradation of toxic compounds degraded through cometabolic pathways, 
a suitable growth substrate, which serves as sources of carbon and energy to support cell growth, 
is required.  The growth substrates also serve to stimulate the enzymes required for 
cometabolism.  Glucose is a common conventional carbon source that has been widely used in 
biodegradation research (Wang and Loh 1999).  In a laboratory study by Gao and Skeen (1999), 
it was found that glucose can induce biological transformations of cis-DCE to other products in 
sediments under aerobic conditions.  This activity may be widely present in the subsurface 
because the addition of oxygen and glucose resulted in cis-DCE transformation in all three of the 
geographically distinct sediments tested.  The addition of glucose to groundwater has several 
advantages over other cometabolic electron donors, such as toluene, due to its high water 
solubility and the fact that is neither a flammable gas nor a toxic compound.     
As with surfactants and alcohols, the ability of cyclodextrin to enhance the apparent 
solubility of contaminant compounds may be degraded during use as a remedial agent.  In order 
to optimize the time and expense of cyclodextrin remediation technique it must be recycled and 
flushed through the aquifer multiple times to remove contaminants.  This process of multiple 
flushing of individual cyclodextrin molecules may enhance their degradation rate which may 
reduce their productivity as remedial agents.  The potential for cyclodextrin to persist in the 
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environment could also be problematic.  The residual cyclodextrin molecules which remain in 
the aquifer after the cessation of the active remediation work may lead to potential enhanced 
migration or degradation of the organic contaminants.   
Enhanced degradation could result from groundwater chemistry being altered to 
anaerobic reducing conditions due to biodegradation of cyclodextrin molecules.  Cyclodextrins 
that are added to the subsurface during remediation projects are used by the microorganisms as 
the sole carbon source, according to a study conducted by Fenyvesi and Katalin (2001).  
The decomposition of cyclodextrins begins after a considerable lag period, the time it 
takes microorganisms to become acclimated to the added cyclodextrin (Oros, 2001).  The lag 
time differs for each type of cyclodextrin, βCD has the greatest lag time and αCD has the 
shortest lag time.  The degradation rate also differs for each cyclodextrin.  βCD is a rigid 
structure that makes the molecule less liable to enzymatic attack causing it to be harder to 
degrade, whereas γCD is the easiest utilizable carbon source (Oros 2001). 
Consideration needs to be given to the microorganisms that are capable of degrading the 
cyclodextrin molecules.  Research was conducted by Bender (1981) to isolate a microorganism 
capable of degrading cyclodextrin molecules.  In this experiment, a Flavobacterium species was 
isolated which produces a cyclodextrin-degrading enzyme glucoamylase.  This organism is an 
aerobic, non-motile, gram-negative small rod measuring 0.5 - 0.6 µm x 0.9 – 1.2 µm.  After a 24 
hour incubation period the cyclodextrin was completely degraded into the final degradation end 
product of glucose.    Oros (2001) also isolated Trichoderma, a fungi common in the 
environment and soils, which is also capable of biodegrading cyclodextrins.   
The addition of cyclodextrins to the groundwater may also effect the degradation of the 
contaminants in the system.  Cyclodextrins could be suitable for bioremediation of hydrocarbon-
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polluted soils or water by enhancing the bioavailability of the contaminant.  Bardi et al. (2000) 
conducted a laboratory experiment to show how β-cyclodextrin increased the degradation of four 
hydrocarbons, a medium chain (dodecane) and a long chain (tetracosane) aliphatic hydrocarbon 
and two polyaromatic hydrocarbons (naphthalene and anthracene).  Dodecane was fully 
degraded in 9 days compared with 4 days when β-cyclodextrin was added.  Tetracosane 
degraded in 18 days compared with 16 days when β-cyclodextrin was added.  The full 
degradation time of both hydrocarbons was shortened by β-cyclodextrin, but the reduction was 
significantly influenced by chain length.  The medium-chain degraded in 50% less time with the 
addition of the cyclodextrin compared to 89% less time for the long-chain form.  The full 
degradation time of both aromatic hydrocarbons was shortened by β-cyclodextrin, though to an 
extent determined by their chemical structure.  Anthracene, composed of three aromatic rings, 
was fully degraded in 11 days compared with 9 days for naphthalene, which is formed of two 
rings.  Reduction of degradation time of the contaminants was determined by the chemical 
structure of the contaminants and was greater for aromatic than long-chain aliphatic 
hydrocarbons.  The maximum degradation rate was observed in the early stages of degradation.  
The greater enhancement of the degradation of aromatic compared with long-chain aliphatic 
hydrocarbons by β-cyclodextrin must be taken into account in the bioremediation of petroleum-
polluted soils.  
β-cyclodextrin enhances the degradation of aliphatic and polycyclic aromatic 
hydrocarbons by increasing their bioavailability. In a laboratory study conducted by Wang et al. 
(1998), it was found that HPβCD can significantly increase the bioavailability and enhance the 
biodegradation of phenanthrene.  The results showed an increase in the substrate utilization rate 
from 0.17 mg h-1 to 0.93 mg h-1 while the apparent solubility was increased from 1.3 mg L-1 to 
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161.3 mg L-1 in the presence of 105 mg L-1 HPβCD.  At the end of a 48 h incubation, only 0.3% 
of the phenanthrene remained with the addition of HPβCD whereas 45.2% of the phenanthrene 
remained in the absence of cyclodextrin.  Fava and Grassi (1996) conducted a laboratory study to 
determine if the aerobic dechlorination of 4-chlorobiphenyl was enhanced by the presence of 
HPβCD.  This study found that the bioavailability of low-chlorinated biphenyls in microbial 
cultures can be significantly enhanced by using HPβCD at a molar concentration of 1 or 1.5 with 
respect to the PCB concentration.  Fava et al. (1998) demonstrated in an aerobic laboratory 
experiment that cyclodextrins enhance the aerobic bioremediation of polychlorinated biphenyl 
(PCB) contaminated soil.  This study found that HPβCD and γ-CD were used by the indigenous 
bacteria as an additional carbon source.  The cyclodextrins also had effects on the PCB 
biodegradation by supporting the growth of specialized bacteria. This also enhanced PCB 
bioavailability by complexing insoluble and soil sorbed PCB molecules and carrying them in the 
water phase where they are released either spontaneously or following cyclodextrin 
biodegradation which makes them available to the microorganisms.  The ability of HPβCD to 
enhance the bioavailability and degradation of chlorinated solvents can also be seen in the results 
from this field study.  
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Chapter 3 Field Area 
3.1 Site History 
An evaluation of cyclodextrin (CD) as a remedial agent for chlorinated solvent 
contaminated aquifers was performed through a pilot-scale field test at the Naval Amphibious 
Base Little Creek (NABLC) in Virginia Beach, Virginia (Figure 2).   The demonstration was 
performed at contaminated aquifer located behind the School of Music building on this military 
base. At that location, a metal plating shop previously disposed of chlorinated solvent wastes in 
an underground storage tank.  The solvent liquids apparently leaked from this tank and 
contaminated the local surficial aquifer, which is called the Columbia Aquifer.  
The Columbia Aquifer is a shallow unconfined aquifer that is Holocene and Pleistocene 
in age (Smith and Harlow, 2002).  The aquifer is highly permeable due to its primarily well-
sorted quartz sand composition.  The origin of that sand is associated with the near shore 
environment of the site.  The Columbia Aquifer at the site extends to approximately 6 meters 
below land surface and is underlain by an impermeable marine clay unit called the Yorktown 
Confining Unit, formed during the Pliocene (Smith and Harlow, 2002) (Figure 3).   
The contamination of the aquifer from the leaking underground storage tank primarily 
consisted of the chlorinated solvents: trichloroethylene (TCE), trichloroethane (1,1,1-TCA), and 
1,1-Dichloroethene (1,1-DCE).  In seventeen monitoring wells at the site, the maximum 
concentration observed in groundwater of the total of these three volatile organic compounds 
(VOCs) dissolved prior to the cyclodextrin field trial was found to exceed 450 mg/L (CH2MHill, 
2001).   
To focus the cyclodextrin evaluation on the suspected most concentrated portion of the 
VOC plume, eight additional monitoring wells were installed June of 2002 (Figure 4).  These 
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wells were used in the cyclodextrin tests, which consisted of monitoring the concentration of 
TCE, 1,1,1-TCA, and 1,1-DCE extracted due to flushing cyclodextrin solutions through the 
contaminated aquifer between wells and in and out of single wells.  For more detail of the 
methods and results of the cyclodextrin flushing experiments see Boving et al. (2004).  As an 
additional means to evaluate the results of the cyclodextrin tests conducted during this field 
demonstration, the changes in NAPL saturation of the aquifer portion that fell within the test 
region were determined before and after the CD flushing by alcohol partitioning interwell tracer 
tests (PITTs).  For more on the methods and results of these tests see Boving et al. (2004).   
 
Figure 2:  Location of field site in Virginia Beach, Virginia. 
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Figure 3:  Simplified 3D Profile of lithologic formations at field site. 
 
Figure 4:  Location of monitoring wells drilled during field demonstration. 
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3.2 Site Geology  
The regional subsurface hydrogeology of the site in the Virginia Coastal Plain consists of 
the Columbia Aquifer and the underlying Yorktown Confining Unit. The Columbia Aquifer is 
predominately a 6 meter thick unconfined sandy unit that is Holocene and Pleistocene in age 
(Smith and Harlow, 2002) (Figure 3).  The lower Yorktown Confining Unit is a grey 
fossiliferous clay unit with minor amounts of sand.  It was formed on a shallow marine shelf 
during the Pliocene.  Regionally, the top of the Yorktown Formation ranges from about 4.6 to 
24.4 meters below sea-level (Smith and Harlow, 2002).  
 The local subsurface geology at the demonstration site is similar to the regional geology.  
The unconfined Columbia Aquifer is approximately 4.6 meters thick at the site.  The water table 
ranges from 1.5 to 2.0 meters below the ground surface.  The base of the Columbia Aquifer is 
approximately 6.0 to 7.6 meters below the ground surface.  The Columbia Aquifer is underlain 
by the Yorktown Confining Unit that ranges in thickness from 9.1 to 12.2 m at the field site 
(CH2MHill, 2001). The Yorktown Confining Unit at the site consists of grey colored clay, silt, 
and very fine sand with shell and wood fragments abundant throughout (Figures 5 through 7).   
Hydraulic conductivity is a groundwater property that describes the rate at which 
groundwater can move through a permeable medium under a given hydraulic gradient.  This was 
determined at the field site and was used to determine groundwater flow velocity.  During the 
demonstration, several hydraulic slug tests were conducted on the newly installed project well E6 
(see Figure 4 for location of well).  These tests measured the average hydraulic conductivity of 
the Columbia aquifer at the site to be 8.3x10-4 cm/sec, which is a typical value for this type of 
lithology (Boving et al., 2004). For more information about these tests see Boving et al. (2004).  
An order of magnitude higher average hydraulic conductivities (7.9 x 10-3 cm/sec) were 
19 
determined from sieve analysis of core materials after the Hazen method (Fetter, 2001).  For 
more detail on how these tests were conducted see Boving et al. (2004). The vertical hydraulic 
conductivity of the Yorktown confining clays was reported at 3x10-8 cm/sec (CH2MHill, 2001).  
This value is likely an estimate because the method of determination was not given. The average 
groundwater flow velocity at the demonstration site was estimated to be approximately 9 cm/day 
(CH2MHill, 2001).   
 
 
Figure 5:  Cross section through field site showing clay lenses at wells E3 and I1. 
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Figure 6:  Cross section through field site showing clay lens at well I1. 
 
 
 
Figure 7:  Cross section through field site showing clay lens at well E3. 
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3.3 Groundwater Contamination 
On the Naval Amphibious Base Little Creek, chlorinated solvents liquids, primarily 
trichloroethylene (TCE) and trichloroethane (1,1,1-TCA), leaked from an underground 
neutralization tank.  These solvents have limited aqueous solubility, and at highly contaminated 
sites often exist as separate dense non-aqueous-phase liquid (DNAPL).  At the NABLC site, they 
infiltrated and contaminated the surficial sandy aquifer.  The leaking underground storage tank 
created a groundwater plume covering several hectares with the highest concentrations of 
contaminants existing below the tank at the base of the sandy aquifer.   
Groundwater samples collected at the field site during an investigation in July 2001 by 
CH2MHill were analyzed for concentrations of VOCs in groundwater at the site before the start 
of the active remediation activities.  These samples were collected using a Geoprobe, and the 
locations of the samples can be seen in Figure 8.  The concentrations of the VOCs found during 
this investigation are shown in Tables 1.  Most of the contaminant plume consists of TCE.  When 
TCE anaerobically degrades, its daughter product is either cis 1,2-DCE or trans 1,2-DCE.  
Because cis 1,2-DCE is the dominant degradation pathway for TCE, the relationship between the 
concentrations of 1,2-DCE and TCE  were plotted and can be seen in Figure 9.  This graph 
shows a linear relation (R2 = 0.99) between the two compounds.   
Also present in the contaminated aquifer is 1,1,1-TCA.  This compound can either 
degrade abiotically (chemically) or biotically (biologically) in anaerobic environments.  The 
degradation product of 1,1,1-TCA during abiotic degradation is either 1,1-DCE or acetic acid 
and during biotic degradation it is 1,1-DCA.  The concentrations of 1,1,1-TCA and its daughter 
products 1,1-DCE and 1,1-DCA were compared to determine which degradation process is more 
dominant.  It can be seen in Figure 10 that there is more 1,1-DCA than 1,1-DCE present in the 
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aquifer and that there are linear relations between the correlations of 1,1,1-TCA and 1,1-DCA 
(R2 = 0.83) and 1,1-DCE (R2 = 0.84). 
To determine the amount of DNAPL present in the aquifer before and after the field 
demonstration, two partitioning interwell tracer tests (PITTs) were conducted.  The pre-
cyclodextrin demonstration PITT gave a residual DNAPL saturation of 0.67% (Boving et al. 
2004).  That DNAPL saturation was determined by the post PITT to be reduced to 0.13% 
(Boving et al. 2004) by the CD remediation pilot test.  
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Figure 8:  Location of Geoprobe samples (GP) and monitoring wells (MW). 
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Figure 9:  Correlation between concentrations of cis-1,2-DCE and TCE determined before the 
start of the field activities. 
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Figure 10:  Correlation between 1,1,1-TCA and degradation products before the start of field 
activities. 
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Table 1:  Groundwater concentrations of VOCs during Geoprobe sampling. 
 Concentration (µg/L) 
 Average Maximum Minimum
TCE 110359 390000 320 
cis 1,2-DCE 167  760 1 
1,1,1-TCA 14970 53000 1 
1,1-DCA 8363 24000 41 
1,1-DCE 2479 11000 12 
 
 
3.4 Well Construction 
 Two series of wells were installed at the site to delineate the most contaminated portion 
of the plume.  The second set of wells also functioned as points for cyclodextrin solution 
injection and extraction.  The two sets combined equaled sixteen monitoring wells which were 
installed by Parratt Wolff Inc. (East Syracuse, New York).  They completed the wells to depths 
of between 6.7 and 7.3 meters below ground surface using a hollow stem auger.  The wells were 
constructed with 10.2 cm diameter schedule 40 PVC casing with V-20 slot screens. The wells 
were constructed with a 1.5 m long screen interval at the bottom of the well.  The wellpack for 
the monitoring wells was constructed with #2 sand surrounding the screened portion of the wells 
to act as a filter.  Bentonite was installed in the wellpack above the screens to limit vertical 
contamination from occurring within the borehole.  See Appendix A for well logs.  During 
installation of the wells, borehole logs were constructed to depict the subsurface lithology.  The 
data from the borehole logs, such as the sediment composition and structure, were analyzed with 
the software package Groundwater Modeling Software (GMS version 4.0, Environmental 
Modeling Systems Inc., Jordan, Utah) to create 3D drawings and cross sections of the subsurface 
lithology (see Figure 3 and Figures 5 though 7).  
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3.5 Tests Conducted During Field Activities 
During the field demonstration, several tests were conducted to characterize the 
performance of the cyclodextrin as a remedial agent.  The cyclodextrin tests were conducted to 
determine the ability of the complexing sugar to remove the contaminants from the NAPL and 
soil sorbed phases.  This work also included tracer tests to determine the amount of NAPL 
contamination present before and after the CD remediation tests. 
The tracer tests to determine residual NAPL were partitioning interwell tracer tests 
(PITTs) using a suite of alcohols with varying tendencies to partition from water into liquid TCE 
and potassium bromide, a conservative (non-NAPL partitioning). The PITTs determine the 
amount of NAPL saturation present in the subsurface.  The PITTs found that the preliminary 
NAPL saturation (Sn) was 0.67% in the demonstration area and 0.13% afterwards (Boving et al., 
2004).  Based on samples analyzed before the start of the demonstration plan, the maximum 
VOCs concentrations in the groundwater were 11,000 µg/L for 1,1-dichloroethene (1,1-DCE), 
390,000 µg/L for trichloroethylene (TCE), and 53,000 µg/L for trichloroethane (1,1,1-TCA) 
(CH2MHill, 2001).  It should be noted that this level of contamination far exceeds the common 
cleanup target for similar sites which is the EPA standard for TCE of 5 µg/L. During the tests 
approximately 21 kg of TCE and 12 kg of 1,1,1-TCA plus an estimated 3 kg of 1,1-DCE  were 
removed (Boving et al. 2004). After the cessation of the field demonstration on October 1, 2002, 
the total amount of these three VOCs remaining in the aquifer was calculated by the Theissen 
method from groundwater samples taken from the monitoring wells to be comprised of 
approximately 89 g TCE, 32 g 1,1,1-TCA, and 3 g of 1,1-DCE.  
The partitioning interwell tracer tests (PITTs) comprised of injecting bromide, a 
conservative tracer, to determine the rate of groundwater flow and a six alcohols with varying 
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TCE NAPL partitioning coefficients to cover the wide range of potential NAPL saturations.  For 
the pre-PITT, the tracer suite consisted of 2-methyl-1-butanol, 2-ethyl-1-butanol, hexanol, 2,4-
dimethyl-3-pentanol, heptanol, and 2-ethyl-1-hexanol.  The post-PITT tracer suite consisted of 2-
methyl-1-butanol, 4-methyl-2-pentanol, 2-ethyl-2-hexanol, and heptanol.  In these tests 
approximately 8600 liters and 7000 liters of tracer solutions were injected in the pre-PITT and 
post-PITT respectively. The potable water injected as part of these tests also contained a much 
higher level of dissolved oxygen (DO) than the site groundwater (8 mg/L versus 0.4 mg/L).  To 
monitor the extent of the likely assimilation of injected dissolved oxygen, the concentrations of 
DO were monitored during the PITTs.  These measurements were taken using an YSI 
Incorporated 55 DO meter (Yellowsprings, Ohio) with an extended probe cord for readings taken 
in-well at the depth of the screens.   
Solutions of hydroxypropyl-ß-cyclodextrin (HPßCD) were flushed through the aquifer in 
cross-well and in single well push-pull tests.  During these tests, the total mass of HPßCD 
injected was 7,500 kg.  The amount of cyclodextrin unrecovered from these HPßCD flushing 
tests left was 900 ± 40kg.  In the first cyclodextrin flush, 1936 kg of CD were injected into three 
wells and 1529 kg was able to be extracted from three down-gradient wells two meters away.   
The second method of delivery evaluated using a single well where cyclodextrin was injected 
into the aquifer, allowed to complex contaminants and then extracted from the same aquifer 
approximately 24 hours later. The series of these push-pull tests involved injection of 5631 kg of 
CD and extraction of 4704 kg of CD.  For more information on the cyclodextrin tests and their 
results see Boving et al. (2004). Additional HPßCD was likely recovered from the aquifer during 
the post PITT. 
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Chapter 4 Field Test Methods  
4.1 Field Tests 
 During installation of the wells for the CD demonstration, soil samples from the 
Columbia Aquifer that were collected with a split spoon.  They were analyzed to determine the 
mineralogical composition and probable depositional environment.  In this analysis, the soil 
samples were placed on a glass plate and dried for 24 hours to remove water and VOCs present 
in the sample because any moisture left in the sample can harm the instrument due to the high 
vacuum within the instrument. Due to the sediment sample being nonconductive, the sample was 
then carbon coated because the SEM can only be used on samples that are conductive.  The 
sample was analyzed on a Scanning Electron Microscope (SEM) (JEOL model 840A) with an 
energy dispersive spectrometer.  SEMs are used in the characterization of microstructural surface 
topography, grain size, and sample composition.  The working properties used were accelerating 
voltage of 20 kV and a working distance of 15 mm.  As seen in Figures 11 and 12, the analysis 
of these samples show that the sediment from the Columbia Aquifer is a well sorted and well 
rounded mature sand. Based on the chemical analysis from the energy dispersive spectrometer, it 
was determined that the sediment has a chemical composition of oxygen and silica.  It is 
concluded that the sand is composed of quartz crystals based on this chemical composition.  
4.2 Post Monitoring of Field Site 
 After the completion of the remediation activities at the site on October 4, 2002, 
groundwater geochemistry and contaminant levels were monitored for 435 days to determine the 
effect of any the cyclodextrin remaining in the aquifer.  The groundwater parameters that were 
measured included the concentrations of cyclodextrin, the target chlorinated solvents (1,1-DCE, 
TCE, and 1,1,1-TCA), dissolved oxygen (DO), sulfate, nitrate, iron, temperature, and 
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groundwater levels.  During the biodegradation of organic compounds (substrate) by microbes in 
the aquifer dissolved oxygen (DO), sulfate, nitrate, and iron may function as terminal electron 
acceptors (TEA).  During the process of biodegradation microorganisms generate cell mass and 
internal energy by removing electrons from the substrate and passing them to the TEAs.  For 
organisms utilizing aerobic respiration the TEA is oxygen, and for organisms utilizing anaerobic 
respiration the TEA can be nitrate, iron, or sulfate.   
 
 
 
Figure 11:  SEM image of sand from Columbia Aquifer. 
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Figure 12:  SEM image of sand from Columbia Aquifer. 
In order to determine if the microorganisms are using aerobic or anaerobic respiration for 
degradation processes several in-situ groundwater properties need to be measured.  Before 
groundwater samples were taken the concentration of dissolved oxygen and the groundwater 
temperature within the middle water column of the screened portion of the well was recorded.  
This was accomplished using YSI 55 DO meter.  Next, the groundwater levels in the wells were 
recorded using a Solinst Model 101 Water Level Meter.  Wells were not purged prior to taking 
these measurements because the perturbation of the groundwater during purging the well would 
have biased the DO and water level readings.  However, purging is needed prior to the other 
readings.   
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The density of the groundwater wells and the desire of not wanting to extract the CD 
plume while trying to monitor it over the span of 435 days meant that deviation from standard 
purging protocols had to be employed.  It is normal practice to purge at least three well volumes 
prior taking a sample.  This is done because as water is extracted from the fresh groundwater 
enters from the aquifer and mixes with the unextracted water in the well.  After extracting three 
wells volumes from the well it is often found that the extracted water is then stable in readings of 
temperature and pH showing that it is reflective of the groundwater.  But, the density of the wells 
within the small CD plume (12 wells within an approximately13 m by 16 m area) means that a 
purging procedure of three wells volumes per well during each monitoring round would have 
removed a significant amount of the CD plume and hence greatly bias the results.  The amount of 
water extracted in purging took into account the width and depth well casing and screen. In the 
10.2 cm diameter wells at the site, the depth to water was 2.1 m bgs and the bottom of the wells 
was normally 6.1 m.  This translates into approximately 32.7 liters of water present within the 
casing of the well. 
In this project micro-purging was employed prior to taking groundwater samples.  This 
technique is often employed in such circumstances.  In our case we purged four gallons from 
each well.  This amount is less than one half of the water within the well.  To better ensure that 
the sampled water is as much fresh groundwater from the aquifer as possible with these 
limitations on purging, the water extracted during the purging process is taken from the top of 
the water column within the well and the subsequent water for the sample is obtained by 
extracting water from the bottom of the well.  This method of obtaining a representative 
groundwater sample is potentially most successful in this situation because the wells are partially 
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screened over the bottom 1.5 meters of the well and contain 2.4 meters of water above the 
screen.   
Groundwater samples were collected with disposable Teflon weighted bailers (Voss 
Technologies).  Teflon weighted bailers were chosen for use instead of PVC bailers because 
organic contaminants will absorb less to the Teflon than to the PVC. Weighted bailers were also 
chosen to insure that they reached the target portion of the well.    The VOC samples were stored 
in acidified 40 ml VOA vials (Ichem) for subsequent off-site analysis of the target chlorinated 
solvents (1,1-DCE, 1,1,1-TCA, and TCE).  For cyclodextrin sulfate, nitrate, and iron analysis, 20 
mL HDPE Scintillation Vials (Fisherbrand) were taken.  The samples were stored at 4°C in a 
cooler before shipment to analytical laboratories.  Upon receipt at the laboratory, samples were 
immediately placed in a refrigerator at a temperature of 4°C.  
 Chlorinated solvents were analyzed with gas chromatography (Shimadzu model GC17A) 
with Flame Ionization Detector (FID) Electron Capture Detector (ECD) detectors by Mark 
Brusseau at the University of Arizona.  The column used was SPB-624 (Supelco), 30 m length, 
with a 0.53 mm inner diameter.  The detection limits for TCE and 1,1,1-TCA using the EDC 
detector is 0.1 µg/L, and for 1,1-DCE using the FID detector is 29 µg/L.  
Groundwater samples collected during the post monitoring were also analyzed for 
cyclodextrin concentration and dissolved ions.  Cyclodextrin was analyzed by a total organic 
carbon analyzer (Shimadzu model TOC-5050) employing a modified version EPA method 415.  
Ion Selective probes (Hanna) were used to analyze the dissolved concentrations of nitrate and 
iron.  The lower detection limits were 0.1 µg/L for iron and 0.1 mg/L for nitrate.  An Ion 
Chromatograph (Dionex ICS-90) with a lower detection limit of 0.01 mg/L was used to analyze 
for sulfate concentration. 
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Calculations were conducted to determine the amount of chloride lost from the degradation 
of the VOCs.  The concentrations for each type of VOC was divided by its molecular mass and 
multiplied by the molecular mass of chloride to determine the amount of chloride loss from 
degradation: 
CMM
C
ClCl
VOC
VOC X =   = Chloride loss   Equation 1 
CVOC is the concentration of each target VOC, MVOC is the molecular mass for each target 
VOC, and MCl is the molecular mass of chloride.  This calculation was done for sampling rounds 
from days 342 and 425.  The differences between the two sampling periods were then 
determined.  These values were then summed and compared to the change in the amount of 
chloride lost between sampling rounds 342 and 425.   
4.3 Theissen Method to Determine Mass in Plume 
Several geostatistical methods were considered to determine the amount of target 
contaminants and cyclodextrin mass in the present within the aquifer at the test site from the 
monitoring well data, but because the site has only twelve monitoring wells the Theissen method 
was chosen (Fetter, 1993).  In this simple method, the mass of contaminant was determined by 
multiplying the groundwater concentration observed in each monitoring well by the estimated 
porosity of the aquifer and the volume of aquifer centered around that well.  First, a boundary 
around all twelve of the monitoring wells and the CD plume was determined.  Next, to develop 
the volume of the aquifer associated with that well, a depth was chosen and areal polygons are 
drawn.  These polygons are created by first drawing a line between a well and its immediate 
neighbors.  Then each line is bisected with a new line perpendicular to the first.  These 
perpendicular bisecting lines extend until each reaches another bisector.  This process continues 
until each well is surrounded and the field study area is covered with two dimensional polygons.  
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The Theissen map for the field site is shown in Figure 13.  In order to determine the volume of 
aquifer association with each well, the area of polygons were multiplied by the vertical thickness 
that is representative of water entering the well based on the length of the screens.  For this site 
the well screens were 1.52 m long.  To take into account water above and below the screens 
entering the well an additional 0.6 meters was included in the calculations. Next, the volume of 
groundwater associated with well was determined by multiplying by the aquifer porosity which 
is assumed to be 30%.  The value of porosity was based on measurements made in the laboratory 
on intact soil cores collected from the field site (CH2MHill, 2001).  Finally, the mass of solute in 
the groundwater associated with each well was calculated by multiplying by the concentration of 
the solute in the groundwater samples taken from the well.  The total mass in the plume was 
simply determined by adding up the dissolved solute masses calculated for each well. The depth 
of the screened interval was determined during drilling of the wells based on the highest 
concentration of contamination detected with a photoionization detector (PID).  The porosity of 
the soil was measured in a laboratory from intact soil cores collected from the field site 
(CH2MHill, 2001). 
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Figure 13:  Theissen map for field site. 
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Chapter 5 Laboratory Methods 
5.1 Aerobic Batch Study 
An aerobic batch study was conducted to determine the biodegradation rate of 
hydroxypropyl-beta-cyclodextrin (HPβCD) in a controlled environment.  Due to limitations in 
determining the concentration of HPβCD in water because of lack of methods and 
instrumentation, the ability of HPβCD to enhance the solubilization of trichloroethylene was 
monitored over time. This batch study consisted of solutions of HPβCD, site water, and site soil.  
Some of the flasks were not autoclaved and were compared to controls that were autoclaved.  To 
determine the biodegradation rate of the HPβCD, an excess amount of trichloroethylene (TCE) 
was added to each flask.  Samples from the flasks were periodically collected and analyzed on a 
UV spectrometer to determine if the concentration of TCE in the aqueous phase was decreased 
over time due to the amount of HPβCD in the water being depleted.  The biochemical oxygen 
demand (BOD) as well as the chemical oxygen demand (COD) are often used to determine the 
amount of oxygen needed to degrade substrates, such as cyclodextrin.  Solutions of three types of 
cyclodextrins, HPβCD, HPαCD, and HPγCD, were also analyzed for BOD and COD to measure 
the carbonaceous energy content of the cyclodextrins through their oxygen demand during 
degradation processes. 
In order to determine if cyclodextrin was biodegraded by microorganisms in the 
controlled study and the rates at which this would occur, an aerobic batch study was also 
conducted. The study utilized 30 125 ml glass Erlenmeyer flasks (Kimble) with Teflon lined 
caps.  In 14 of the flasks, 100 ml of a 10% hydroxypropyl-beta-cyclodextrin (HPβCD) solution 
made with nanopure water was added to 20 g of field site soil.  This soil consisted of sand 
collected from the Columbia Aquifer that was kept at 4°C until it was utilized.  These flasks 
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were then autoclaved at 121°C for 15 minutes in an isothermal Eagle series 2022 autoclave 
(AMSCO Scientific) in order to destroy all microbial activity. Two additional flasks contained 
100 ml of 10% HPβCD solution and nanopure water without site soil, and these solutions were 
autoclaved.  The total of 16 control flasks had their contents autoclaved to make sure that there 
was no microbial activity occurring.  Another 13 flasks were autoclaved before the addition of 
any solution to sterilize the flasks.  Then 100 ml of 10% HPβCD solution made with site water 
were added to each flask along with 20 g of site soil.  These solutions were not autoclaved to 
permit the indigenous microorganisms to remain in solution.  One flask consisting of 100 ml of 
nanopure water and 20 g soil that was autoclaved was made as a control to determine the 
solubility of trichloroethylene (TCE) in water.  All flasks were placed on a shaker with the caps 
set on loosely to allow for oxygen to enter the flask but not to allow for microorganisms to enter.  
In order to determine if cyclodextrin was being degraded, the performance of the 
enhancement of contaminants was monitored over time.  If the cyclodextrin was degraded, the 
enhanced solubility of the contaminants due to the cyclodextrin would decrease.  At the 
beginning of the study, samples were collected from the flasks under a laminar flow hood, placed 
in 8 ml vials, and diluted with nanopure water.    Amounts of anthracene greater than water 
saturation was then added to the vials and allowed to shake for 24 hours.  This method did not 
work because the cyclodextrin solution did not reach maximum anthracene solubility within 24 
hours.  To decrease the possibility of continued degradation of the cyclodextrin, the 24 hour 
period was utilized.  A new method was then employed where samples were collected from the 
flasks, placed in 8 ml vials, diluted with nanopure water, and spiked with excess 
trichloroethylene (TCE).  This method also did not work because 24 hours was not long enough 
for TCE to reach maximum solubilization.  A new method was decided upon to address the 
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problem.  Excess amounts of TCE were added to the flasks and allowed to reach equilibrium.  10 
µl samples were collected using a gas tight syringe and added to 2 ml vials (National Scientific 
Company) containing 1990 µl of nanopure water.  The samples were diluted to ensure that 
concentrations would be within the linear portion of the standard curve.   
In order to make a TCE standard calibration curve, a stock solution of 100 ml of 500 
mg/L concentration of TCE in nanopure water was made.  This stock solution was mixed for 24 
hours to ensure that the dissolved TCE was in equilibrium with the water.  The stock solution 
was then used to create the standard curve.  Samples were prepared to concentrations of 1 mg/L, 
5 mg/L, 10 mg/L, 20 mg/L, and 30 mg/L in 2 ml vials.  The reason why the TCE standard curve 
was made using low concentrations is because at concentrations above 30 mg/L, the standard 
curve is no longer linear.  The standard curve samples and the samples collected from the flasks 
were then analyzed on a UV Spectrometer (ThermoSpectronic Genesys 10UV) to determine the 
absorbance levels associated with specific TCE concentrations.  To determine the wavelength at 
which the samples would be analyzed, a scan was conducted on the UV instrument with a 
sample of TCE and nanopure water.  This showed that TCE absorbs UV light at a 200 nm 
wavelength.  This wavelength was then used when the samples were analyzed.  The total length 
of time for study was 203 days with the TCE added to the flasks 101 days after the start of the 
batch study. 
5.2 BOD and COD 
The biochemical oxygen demand (BOD) and chemical oxygen demand (COD) tests are 
currently employed to measure the carbonaceous energy content of wastewater via its oxygen 
demand.  BOD is a regulatory parameter used by the EPA to monitor water quality.  The most 
widely used parameter of organic pollution is the 5-day biochemical oxygen demand (BOD5).  
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This determination involves the measurement of the dissolved oxygen used by microorganisms 
in the biochemical oxidation of organic matter.  Solutions of 10% HPβCD, 10% HPαCD, and 
10%HPγCD were made with nanopure water.  These solutions were placed in 32 oz. jar with a 
Teflon lined cap (Wheaton) and stored on ice.  These solutions were taken to an environmental 
laboratory (Analytical and Environmental Testing Inc., Baton Rouge, Louisiana) to be tested for 
BOD.  These test were performed as outlined in the United States E.P.A. “Methods for Chemical 
Analysis of Water and Wastes”, “Standard Methods for the Examination of Water and 
Wastewater”, and U.S. E.P.A. “Test Methods for the Evaluation of Solid Water—SW846”. 
 The chemical oxygen demand (COD) test is used to measure the content of organic 
matter.  The oxygen equivalent of the organic matter that can be oxidized is measured by using a 
strong chemical oxidizing agent in an acidic medium.  Solutions of 10% HPβCD, 10% HPαCD, 
and 10%HPγCD were made with nanopure water and were analyzed for COD.  Samples were 
diluted with nanopure water to bring the concentrations down to levels that can be determined in 
analysis.  2 ml of the samples were added to COD reagent vials (CHEMetrics).  The reagent vials 
were heated to 150°C for 2 hours in a Hach COD reactor.  The samples were then cooled to room 
temperature and analyzed on a Spectrophotometer (Hach, DRI 2000 Direct Reading 
Spectrophotometer) using a high range COD test to determine the COD for each sample.   
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Chapter 6 Field Tests Results  
6.1 Field Tests 
 Concentrations of cyclodextrin (CD) and the target volatile organic compounds (VOCs) 
as well as groundwater geochemistry were monitored for 425 days after cessation of the active 
aquifer flushing with cyclodextrin solutions at the test site on NABLC.  The results of this 
extended post remediation monitoring showed that the dissolved mass of cyclodextrin decreased 
in the aquifer.  In the portion of the aquifer that overlaps the degrading cyclodextrin plume, there 
was an observed sharp decrease in the groundwater concentrations of three target VOCs 
(trichloroethylene (TCE), trichloroethane (1,1,1-TCA), and 1,1-dichloroethene (1,1-DCE)) 
(Figure 23).  The chosen contaminated aquifer for the cyclodextrin demonstration on the 
NABLC base is anaerobic and the post remediation monitoring found that the dissolved oxygen 
(DO) levels did not notably change from their background levels (DO ~0.4 mg/L) (Figure 14). 
Unlike DO, the groundwater geochemistry of nitrate and sulfate were found to be depleted 
within the degrading cyclodextrin plume (Figures 15 and 16).   
It was estimated that 900 ± 40 kg of CD was left within the aquifer at the site before the 
post partitioning interwell tracer test (PITT) was conducted during the field demonstration. This 
amount is approximately 12% of the total amount injected.  There was also additional unknown 
amount of cyclodextrin loss is due to the addition of potable water during the post PITT.  The 
results of post monitoring found that the concentration of cyclodextrin was being exponentially 
depleted, but even after 425 days an observed total mass of 10 kg was found to be remaining.  
These values were determined from total organic carbon (TOC) analysis of groundwater samples 
drawn from the monitoring well.   
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At the start of post monitoring, groundwater concentrations of the three target volatile 
organic compounds (VOCs) were lower than those observed two hundred days later.  The 
concentrations of the three target VOCs in the four rounds of post-monitoring reached their 
maximum levels 210 days after cessation of the field activities and decreased over time.   
  Dissolved ion analysis of groundwater samples documents a change in groundwater 
geochemistry over time at the site.  The dissolved oxygen (DO) levels at the site remained below 
0.5 mg/L, indicating that the field site is anaerobic (Herman and Maier, 2000).  Nitrate and 
sulfate concentrations have decreased over time, especially within the cyclodextrin plume.  It 
was found that areas containing high TOC concentrations resulted in low sulfate and nitrate 
levels (Figures 15 and 16).  The groundwater concentrations of iron in the aquifer remain 
elevated, but do not significantly change during the post monitoring (Figure 17).  
6.2 Cyclodextrin 
The results of the long term monitoring show that the cyclodextrin (CD) levels observed 
within the groundwater at the site remain elevated above 0.1 g/L even more than a year after CD 
was last injected into the aquifer.  The results also show that the rate of decrease of the CD 
concentration is slowing over time.  These results were determined from total organic carbon 
(TOC) analysis of the groundwater samples during three sampling rounds collected from the 
twelve monitoring wells at the CD demonstration site on NABLC.  The TOC concentration 
results from the post remediation monitoring sampling appear in Table 2.  
Contour plots of cyclodextrin concentrations were constructed based on the results from 
groundwater samples collected from the twelve monitoring wells and appear in Figures 18, 19, 
and 20.  Concentration of CD in the groundwater were found to be greatest around monitoring 
wells E3 and E6 and the levels of the entire plume were found to be decreasing over time.  All 
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monitoring wells sampled within the cyclodextrin plume showed levels of dissolved organic 
carbon at least 1.6 times the background TOC readings implying that cyclodextrin is present or 
its former presence has altered the groundwater TOC.  It can be seen from these contour plots 
that the concentration and hence mass of CD dissolved within the groundwater at the site has 
decreased over time as seen in the results from 210 days until 425 days after the cessation of 
field activities. There was a 50% decrease in average concentration from day 210 until day 425.   
The cyclodextrin concentration was determined from TOC analysis.  However this method is 
again not without problems. There exists a naturally occurring background level of TOC.  It was 
determined from groundwater samples collected from monitoring wells located outside of the 
cyclodextrin plume that the average background concentration of TOC is 0.07 g/L.  These 
background water samples are shown in Table 3.   
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Figure 14:  Dissolved oxygen concentration versus TOC concentration during post monitoring. 
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Figure 15:  Nitrate concentrations versus TOC concentrations during post monitoring. 
 
 
 
Figure 16:  Sulfate concentrations versus TOC concentrations during post monitoring. 
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Figure 17:  Iron concentrations versus TOC concentrations during post monitoring. 
 
Table 2:  Observed concentrations of TOC during post monitoring. 
  Day 210 Day 342 Day 425
  TOC TOC TOC 
 Well g/L g/L g/L 
E1 0.1 0.1 0.2 
E2 8.3 0.5 2.7 
E3 9.2 5.9 10.4 
E4 7.6 0.3 0.6 
E5 4.1 2.6 2.3 
E6 11.4 5.4 7.3 
E7 0.4 0.8 0.8 
I1 9.4 3.7 1.3 
MW02S 0.3 0.6 0.5 
MW05D 7.1 3.5 2.6 
Average 5.8 2.3 2.9 
W
el
ls
 w
ith
in
 C
yc
lo
de
xt
rin
 P
lu
m
e 
Maximum 11.4 5.9 10.4 
MW01T 0.0 0.0 0.1 
MW03T 0.0 0.0 0.1 
Average 0.0 0.0 0.1 
W
el
ls
 o
ut
si
de
 
C
yc
lo
de
xt
rin
 
Pl
um
e 
Maximum 0.0 0.0 0.1 
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Table 3:  Observed background concentrations of TOC. 
  
Distance from Well 
E3 Date Sampled TOC 
Well m  g/L 
MW01 12 425 Days 0.11 
MW03 7 425 Days 0.09 
MW04 24 425 Days 0.12 
MW01 12 342 Days 0.02 
MW03 7 342 Days 0.03 
MW04 24 342 Days 0.11 
MW01 12 210 Days 0.03 
MW03 7 210 Days 0.03 
Average TOC Overall 0.07 
 
The highest concentrations of cyclodextrin found during the post monitoring were found at 
wells E3 and E6.  The maximum observed concentration of cyclodextrin in well E6 was found 
on day 210 (11.4 g/L) and for well E3 the maximum concentration was on day 425 (10.4 g/L).   
Both of these wells were used as injection points for the cyclodextrin solutions during all 
cyclodextrin flushing tests where the injected solution ranged in cyclodextrin concentration from 
a 5-36% solution, or HPβCD concentrations ranging from 50-360 g/L.    
In order to determine the center of mass of the plume, the following equations were used. 
X
C
Cx
i
ii =∑
∑
 = Center of mass in X direction     Equation 2 
Y
C
Cy
i
ii =∑
∑
 = Center of mass in Y direction    Equation 3 
The xi and yi are the coordinates for each well measured in meters and Ci is the concentration of 
cyclodextrin in g/L observed in each well.  Analysis of the center of mass from one sampling 
round to the next were used to calculate how far and in what direction the plume had apparently 
moved over time.  The change in the center of mass of the plume over time is shown in Figures 
21 and 22.  According to calculations conducted, the center of mass of the plume moved 0.4 
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meters toward the southeast during the time from 210 days and 342 days and moved 1.0 meters 
toward the northwest from 342 days until 425 days.   
 
 
 
 
Figure 18: Contour plot of observed TOC concentrations 210 days after cessation of active 
remediation activities. 
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Figure 19:  Contour plot of observed TOC concentrations 342 days after cessation of active 
remediation activities. 
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Figure 20:  Contour plot of observed TOC concentrations 425 days after cessation of active 
remediation activities. 
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Figure 21: Change in center of mass of cyclodextrin plume over time during post monitoring. 
 
The Theissen method was found to be an easily employed means for determining the total 
mass of contaminant and TOC in the plume.  Table 4 shows the observed concentration of TOC, 
their associated Theissen aquifer volumes, and the mass of TOC for each well. Analysis of these 
results shows that there was a 60% loss in TOC mass from 210 days to 425 days after cessation 
of field test.  This mass loss is exponentially decreasing, as can be seen in Figure 23.  From day 
210 to day 342 the total observed TOC mass decreased 64%.  The total observed TOC mass then 
increased from day 342 to day 425 by 12%.  On day 210, the observed total mass of CD at the 
field site was 24.4 kg.  This is a 97% decrease in mass from the estimated 900 kg that remained 
in the aquifer after the cessation of the cyclodextrin flushing.  A portion of that observed 
decrease is from the addition of potable water and CD being withdrawn during the post PITT.  
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Figure 22: Change in center of mass of cyclodextrin plume over time during post monitoring 
relative to location of monitoring wells. 
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Table 4:  Observed TOC concentrations and masses during post monitoring and associated Theissen aquifer volumes. 
  Day 210 Day 342 Day 425 
Well 
% 
Theissen 
Aquifer 
Volume 
TOC 
Concentration TOC Mass 
TOC 
Concentration TOC Mass 
TOC 
Concentration TOC Mass 
    g/L g g/L g g/L g 
E1 15 0.13 1.93 0.12 1.74 0.18 2.70 
E2 12 8.26 97.56 0.50 5.92 2.68 31.67 
E3 3 9.20 29.82 5.94 19.24 10.42 33.78 
E4 7 7.64 56.87 0.30 2.25 0.64 4.74 
E5 8 4.14 33.20 2.64 21.19 2.27 18.20 
E6 3 11.42 33.05 5.35 15.50 7.28 21.06 
E7 4 0.36 1.60 0.80 3.56 0.84 3.74 
I1 5 9.42 50.19 3.71 19.76 1.30 6.93 
MW01 7 0.03 0.17 0.02 0.16 0.11 0.77 
MW02 9 0.29 2.77 0.57 5.39 0.54 5.11 
MW03 10 0.03 0.33 0.03 0.33 0.09 0.89 
MW05 15 7.15 107.61 3.51 52.80 2.64 39.80 
Average   4.84 34.59 1.96 12.32 2.42 14.12 
Maximum   11.42 107.61 5.94 52.80 10.42 39.80 
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Figure 23:  Estimated masses of VOCs and TOC during post monitoring. 
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6.3 Volatile Organic Contaminants (VOCs)  
To determine the effects that cyclodextrin remaining in the aquifer had on the composition of 
the contaminant plume, the groundwater concentration of the three target VOCs were monitored. 
During post monitoring of the field site, it was observed that contaminant levels decreased over 
time (Figure 24).  Groundwater samples were analyzed for the three target volatile organic 
contaminants (VOCs) at the site which are again trichloroethylene (TCE), trichloroethane (1,1,1-
TCA), and 1,1-dichloroethene (1,1-DCE).  The VOC results from the sampling rounds are shown 
in Tables 5 and 6.  Basic statistical analysis of these results shows that the average of the total of 
the three target VOC concentrations observed in each well during the 210, 342, and 425 day 
sample rounds were 25,149 µg/L, 4,833 µg/L, and 2,805 µg/L respectively and the maximum 
concentration values were 176,025 µg/L, 27,199 µg/L, and 21,420 µg/L for 210, 342, and 425 
days respectively.  
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Figure 24:  Changes in target VOC concentrations during post monitoring. 
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 Groundwater samples analyzed on day 210 resulted in TCE having the highest average 
concentration.  However, on days 342 and 425 1,1,1-TCA had the highest average 
concentrations.  During the post-monitoring, it was observed that 1,1-DCE had the lowest 
average concentration.  From day 210 to day 425 the average concentration of TCE decreased 
the most with a 97% decrease compared to a 75% decrease in average 1,1,1-TCA concentration.  
During this same duration, 1,1-DCE increased 11% in concentration.  A graph of the average 
concentrations of the total target VOCs over the time span of 215 days (Figure 24) shows that 
there is an exponential decrease in concentration for TCE, and 1,1,1-TCA, however, 1,1-DCE 
increased over time.  
The abiotic degradation of 1,1,1-TCA will produce 1,1-DCE under anaerobic conditions.  
To determine if the increase in the concentration of 1,1-DCE was due to the degradation of 1,1,1-
TCA, 1,1-DCE and 1,1,1-TCA average concentrations were compared over time.  As seen in 
Figure 25, the ratio of 1,1,1-TCA to 1,1-DCE average concentrations decreased linearly during 
the 215 days of post monitoring.  This correlation shows that the average concentration of 1,1,1-
TCA is decreasing at a faster rate than the average concentration of 1,1-DCE over time.   
The concentrations of VOCs were graphed versus TOC concentrations to determine if there 
was a correlation over time between the apparent degradation of the target VOCs and the 
cyclodextrin as determined from TOC readings.  For this analysis only wells where the 
groundwater samples were above detection limits for three target VOCs can be considered. In 
eight of the twelve monitoring wells some of the 1,1-DCE levels were below detection in at least 
one of the post remediation samples.  Figures 26, 27, and 28 show the pattern in TCE, 1,1,1-
TCA, and 1,1-DCE concentrations over time for the four wells with sufficient data.   It can be 
seen in this graph that the overall trends of TCE and TCA concentrations are decreasing over 
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time for all four wells.  It can also be seen that the concentration of TOC increased from day 342 
to 425 during the post monitoring for wells E3 and E6.  These two wells are the ones that were 
used as injection wells during the cyclodextrin flushes and the post PITT.  Figure 28 is of 1,1-
DCE, which shows no trend in the data.   
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Figure 25:  Ratio of average concentrations of 1,1,1-TCA to 1,1-DCE during post monitoring. 
To determine the change in mass of VOCs over time, the Theissen method was used in a 
manner similar to that which was used to determine the change in TOC concentrations.  The total 
mass of VOCs decreased during the field activities.  These values can be seen in Tables 7 and 8.  
Figure 23 shows the amount of mass of the VOCs and how these masses changed over time.  The 
total mass of total target VOCs after the cessation of the post PITT was 34.7 grams, with most of 
the mass, 24.8 g, comprised of TCE.  Twenty days after the cessation of the post PITT the sum 
of total target VOCs decreased to 15.9 g, with 3.5 g of this mass made up of TCE.   
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Table 5:  Observed target VOC concentrations during field investigation and post monitoring. 
 Day -30       Day -3       Day 20       
 1,1-DCE 
1,1,1-
TCA TCE 
VOC 
Total 1,1-DCE
1,1,1-
TCA TCE 
VOC 
Total 1,1-DCE
1,1,1-
TCAl TCE 
VOC 
Tot 
Well µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L 
E1 33 64 411 507 15 15 50 80 34 161 27 221 
E2 15 65 38 118 342 3493 256 4090 450 2854 50 3353 
E3 123665 3211 5574 132450 1086 10673 81493 93252 1588 21592 17392 40572 
E4 21 188 15 224 173 1854 1586 3614 81 722 15 818 
E5 64 837 597 1497 15 15 211 241 15 39 15 69 
E6 135492 4777 4395 144664 783 10550 31464 42798 1017 10574 595 12187 
E7 15 36 27 78 15 15 15 45 15 15 15 45 
I1 37 49 656 741 28 413 635 1076 556 379 15 951 
MW01T 15 15 15 45 15 15 114 144 15 104 62 180 
MW02S 15 43 34 93 36 501 15 553 15 544 15 574 
MW03T 15 15 15 45 15 15 291 321 87 547 2500 3134 
MW05D 15 47 214 276 139 1752 3066 4958 286 2599 36 2921 
Average 21617 779 999 23395 222 2443 9933 12598 347 3344 1728 5419 
Maximum 135492 4777 5574 144664 1086 10673 81493 93252 1588 21592 17392 40572 
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Table 6:  Observed concentrations of target VOCs during post monitoring. 
 Day 210       Day 342       Day 425       
 1,1-DCE 
1,1,1-
TCA TCE 
VOC 
Total 1,1-DCE
1,1,1-
TCA TCE 
VOC 
Total 1,1-DCE
1,1,1-
TCA TCE 
VOC 
Total 
Well µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L 
E1 50 18 14 82 15 12 10 37 290 2 8 300 
E2 15 3730 14 3759 15 101 5 120 290 120 3 413 
E3 2320 33085 140620 176025 1822 12665 9846 24333 760 5580 80 6420 
E4 15 6020 22320 28355 15 194 1122 1331 80 270 100 450 
E5 15 75 14 104 15 4 30 49   0 3 3 
E6 2310 56120 16115 74545 1517 18754 6929 27199 1960 14370 5090 21420 
E7 15 260 14 289 15 120 4 139 290   3 293 
I1 1230 11610 4435 17275 15 3497 181 3693 820 2440 150 3410 
MW01T 15 18 14 47 15 1 6 22   1   1 
MW02S 15 18 14 47 15 4 18 37   0 0 1 
MW03T 15 18 35 68 15 58 351 425 290   5 295 
MW05D 15 1165 14 1194 15 596 3 614 290 180 180 650 
Average 503 9345 15302 25149 291 3000 1542 4833 563 2296 511 2805 
Maximum 2320 56120 140620 176025 1822 18754 9846 27199 1960 14370 5090 21420 
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During post-monitoring, the total masses of TCE and 1,1,1-TCA decreased exponentially 
while 1,1-DCE increased.  The mass of total target VOCs increased 49% from a total mass of 
34.7 g at the cessation of field activities until they reached an observed maximum around 210 
days when the total mass was 68.0g.  The total mass of target VOCs decreased a total of 89% 
from 210 days until 425 days after cessation of field study.  From 210 days until 342 days, the 
total mass of the total target VOCs decreased 83%. During this time period total 1,1-DCE mass 
decreased 49%, 1,1,1-TCA decreased 71%, and TCE decreased 91%.  From 342 days until 425 
days, the average mass of total VOCs decreased 38%.  During this time period while 1,1,1-TCA 
decreased 38% and TCE decreased 69%, 1,1-DCE increased 57%.  As shown in Figure 23, the 
decrease in total mass of total target VOCs, TCE, and TCA over time show exponential trends.  
The average mass of DCE shows an increase over time with no trend.    
The highest concentrations for VOCs were found to be from wells E3 and E6, located within 
the “hotspot” of the plume, for all sampling rounds from the cessation of field activities.  This 
can be seen from the contour plots constructed from values of concentration of total target VOCs 
for each monitoring well over time, which are shown in Figures 29, 30, and 31.  It can be seen 
from the contour plots that the highest total concentrations of contamination can be found around 
wells E3 and E6 and that the concentrations are decreasing over time.  According to calculations 
conducted similar to that used for the center of mass of the cyclodextrin plume, the center of 
mass of the contaminant plume moved 0.7 meters toward the southeast during the time of 210 
days and 342 days.  It also moved 0.7 meter toward the northeast from 342 days until 425 days.  
This can be compared to the movement of the cyclodextrin plume that moved 1.0 m toward the 
northeast from 342 days until 425 days.   
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Figure 26:  Average TCE concentrations versus average TOC concentrations during post 
monitoring. 
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Figure 27:  Average 1,1,1-TCA concentrations versus average TOC concentrations during post 
monitoring. 
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Figure 28:  Average 1,1-DCE concentrations versus average TOC concentrations during post 
monitoring. 
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Table 7:  Observed masses of target VOCs during field activities and post monitoring. 
 Day -30       Day -3       Day 20       
 
1,1-
DCE 
1,1,1-
TCA TCE 
VOC 
Total 
1,1-
DCE 
1,1,1-
TCA TCE 
VOC 
Total 
1,1-
DCE 
1,1,1-
TCA TCE 
VOC 
Total 
Well g g g g g g g g g g g g 
E1 0.03 0.06 0.36 0.45 0.01 0.01 0.04 0.07 0.03 0.14 0.02 0.20 
E2 0.01 0.04 0.03 0.08 0.24 2.43 0.18 2.84 0.31 1.98 0.03 2.33 
E3 23.57 0.61 1.06 25.25 0.21 2.03 15.54 17.78 0.30 4.12 3.32 7.73 
E4 0.01 0.08 0.01 0.10 0.08 0.81 0.69 1.58 0.04 0.32 0.01 0.36 
E5 0.03 0.40 0.28 0.71 0.01 0.01 0.10 0.11 0.01 0.02 0.01 0.03 
E6 23.06 0.81 0.75 24.62 0.13 1.80 5.36 7.28 0.17 1.80 0.10 2.07 
E7 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
I1 0.01 0.02 0.21 0.23 0.01 0.13 0.20 0.34 0.17 0.12 0.00 0.30 
MW01T 0.01 0.01 0.01 0.02 0.01 0.01 0.05 0.06 0.01 0.04 0.02 0.07 
MW02S 0.01 0.02 0.02 0.05 0.02 0.28 0.01 0.31 0.01 0.30 0.01 0.32 
MW03T 0.01 0.01 0.01 0.03 0.01 0.01 0.18 0.20 0.05 0.33 1.53 1.91 
MW05D 0.01 0.04 0.19 0.24 0.12 1.55 2.71 4.39 0.25 2.30 0.03 2.59 
Average 3.90 0.18 0.24 4.32 0.07 0.76 2.09 2.91 0.11 0.96 0.42 1.49 
Maximum 23.57 0.81 1.06 25.25 0.24 2.43 15.54 17.78 0.31 4.12 3.32 7.73 
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Table 8:  Observed VOC masses during post monitoring. 
 
Day 
210       
Day 
342       
Day 
425       
Well 
1,1-
DCE 
1,1,1-
TCA TCE 
VOC 
Total 
1,1-
DCE 
1,1,1-
TCA TCE 
VOC 
Total 
1,1-
DCE 
1,1,1-
TCA TCE 
VOC 
Total 
  g g g g g g g g g g g g 
E1 0.04 0.02 0.01 0.07 0.01 0.01 0.01 0.03 0.26 0.00 0.01 0.27 
E2 0.01 2.59 0.01 2.61 0.01 0.07 0.00 0.08 0.20 0.08 0.00 0.29 
E3 0.44 6.31 26.81 33.56 0.35 2.41 1.88 4.64 0.14 1.06 0.02 1.22 
E4 0.01 2.64 9.78 12.42 0.01 0.09 0.49 0.58 0.04 0.12 0.04 0.20 
E5 0.01 0.04 0.01 0.05 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 
E6 0.39 9.55 2.74 12.69 0.26 3.19 1.18 4.63 0.33 2.45 0.87 3.65 
E7 0.00 0.07 0.00 0.08 0.00 0.03 0.00 0.04 0.08 0.00 0.00 0.08 
I1 0.39 3.64 1.39 5.41 0.00 1.10 0.06 1.16 0.26 0.76 0.05 1.07 
MW01 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
MW02 0.01 0.01 0.01 0.03 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 
MW03 0.01 0.01 0.02 0.04 0.01 0.04 0.21 0.26 0.18 0.00 0.00 0.18 
MW05 0.01 1.03 0.01 1.06 0.01 0.53 0.00 0.54 0.26 0.16 0.16 0.58 
Average 0.11 2.16 3.40 5.67 0.06 0.62 0.32 1.00 0.14 0.39 0.10 0.63 
Maximum 0.44 9.55 26.81 33.56 0.35 3.19 1.88 4.64 0.33 2.45 0.87 3.65 
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Figure 29:  Chlorinated solvent plume 210 days after cessation of field activities. 
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Figure 30:  Chlorinated solvent plume 342 days after the cessation of field activities. 
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Figure 31:  Chlorinated solvent plume 425 days after cessation of field activities. 
6.4 Terminal Electron Acceptors (TEA) 
One way to determine if degradation of the cyclodextrin or contaminants is potentially 
occurring in the aquifer is to monitor the changes in the concentration of the terminal electron 
acceptors in the groundwater.  When electrons are produced during the degradation process, they 
must be transferred to terminal electron acceptors (TEAs), such as oxygen, nitrate, sulfate, and 
iron.  During this transfer process, energy is produced which is then utilized by the bacteria.  If a 
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substantial decrease in the TEAs is occurring over time within the cyclodextrin plume, it implies 
that biodegradation of the cyclodextrin or contaminants is the cause.   
Dissolved oxygen concentrations at the site were monitored to determine if it was being used 
as a TEA and to determine if the site was aerobic or anaerobic.  At the field site, the dissolved 
oxygen (DO) concentrations in the groundwater remain below 1 g/L after the cessation of field 
activities, which is the level that would classify it as an aerobic system (Herman and Maier, 
2000) (Figures 32 and 33).  During the pre and post PITTs there was a substantial decrease in the 
DO concentrations, with the decrease occurring during the post PITT at an elevated rate (Figures 
34 and 35).   
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Figure 32:  Changes in average dissolved oxygen concentration during post monitoring. 
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Figure 33:  Dissolved oxygen concentration versus TOC concentration during post monitoring. 
0
1
2
3
4
5
6
7
8
9
0 1 2 3 4 5 6 7 8
Time (days)
D
O
 (m
g/
L)
Dissolved Oxygen
 
Figure 34:  Changes in dissolved oxygen during pre partitioning interwell tracer test. 
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Figure 35:  Changes in dissolved oxygen during post partitioning interwell tracer test. 
Nitrate concentrations were also monitored to determine if this potential contributor to 
anaerobic biodegradation of HPCD was being consumed. The nitrate concentrations within the 
groundwater at the field site start off in the post-remediation monitoring at low levels and 
decrease within the presence of the CD plume (Figure 36).  The highest concentration observed 
at the monitoring wells was below 2 mg/L.  The lowest concentrations of nitrate levels were 
found to be located within the cyclodextrin plume.   
Similar to nitrate, the sulfate within the cyclodextrin decreased over time while outside of the 
cyclodextrin plume, the sulfate concentrations have increased substantially (Figure 37).  There 
does not seem to be a change in the iron concentrations over time (Figure 38).  There is also a 
significant correlation between the nitrate and sulfate concentrations when compared to the 
cyclodextrin concentrations.  As cyclodextrin concentration increases, the nitrate and sulfate 
concentrations decrease (Figures 36 and 37).   
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Figure 36:  Nitrate concentrations versus TOC concentrations during post monitoring. 
 
Figure 37:  Sulfate concentrations versus TOC concentrations during post monitoring. 
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Figure 38:  Iron concentrations versus TOC concentrations during post monitoring. 
During the PITTs and post monitoring, concentrations of dissolved oxygen (DO) were 
tracked to determine if the microorganisms are using it for energy.  Dissolved oxygen 
concentrations decreased during the field activities and remain below 0.5 mg/L which is 
considered to be anaerobic.  During the pre PITT conducted before the start of the cyclodextrin 
flushes, the dissolved oxygen concentrations decreased as shown in Figure 34.  The DO at the 
beginning of the test was 4.43 mg/L and reached a maximum concentration of 7.88 mg/L at 86 
minutes. This maximum concentration was close to being at the DO saturation limit of 8.1 mg/L 
(Herman and Maier, 2000).  The DO gradually decreased during the test until the final 
concentration in the extracted water at the end of the eight-day test was 3.91 mg/L.   
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At the start of the post PITT, the DO concentration was 1.22 mg/L, as shown in Figure 35.  
After 9.1 hours from the start of the test the DO concentration reached a maximum point of 3.73 
mg/L.  At the end of the test after 9.32 days, the DO concentration was 0.59 mg/L. During this 
test, the concentration of DO decreased from a concentration associated with an aerobic system 
to a concentration associated with an anaerobic system.  
Since the cessation of field activities, DO levels have remained below 1 mg/L both within 
and outside of the CD plume.  As stated before, these levels are considered to be anaerobic.  The 
results of DO observations are given in Table 9.  Average DO concentrations for the twelve 
monitoring wells were observed to be 0.40 mg/L, 0.30 mg/L, and 0.41 mg/L sampling periods of 
210, 342, and 425 days respectively.  The maximum DO concentrations were 0.96 mg/L, 0.50 
mg/L, and 0.48 mg/L for days 210, 342, and 425 respectively.  There is no significant change in 
DO concentrations from 210 days to 425 days after cessation of field activities as seen in Figure 
30.   The average concentration of DO increased 3% from day 210 until day 425. There was a 
26% decrease in the average DO concentration from days 210 to 342 and an increase of 28% 
from day 342 to 425.   In order to determine if DO is being used for the degradation of the 
cyclodextrin, the cyclodextrin and DO levels were compared.  As seen in Figure 33, there is no 
correlation between the concentration of DO and TOC. 
As discussed previously, once available oxygen is consumed, nitrate respiration will become 
the next degradation reaction.  During the post monitoring of the field site, it was observed that 
nitrate levels decreased over time.  The average concentration of nitrate decreased 83% from 
0.36 mg/L on 342 days to 0.06 mg/L on 425 days with maximum concentrations of 1.30 mg/L 
and 0.60 mg/L on days 342 and 425 respectively. The results of the nitrate concentration 
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observations and calculated masses can be seen in Table 10. Groundwater samples were not 
analyzed for nitrate on day 210 after cessation of the field activities.   
Table 9:  Observed concentrations and masses of dissolved oxygen (DO) during post monitoring.  
DO masses were based on % Theissen aquifer volumes as previously stated. 
 Day 210 Day 342 Day 425 
 DO DO DO DO DO DO 
Well mg/L g mg/L g mg/L g 
E1 0.36 1.14 0.33 1.05 **** **** 
E2 0.35 1.11 0.25 0.79 0.44 1.39
E3 0.19 0.60 0.26 0.82 0.47 1.49
E4 0.15 0.48 0.28 0.89 0.48 1.52
E5 0.22 0.70 0.27 0.86 0.43 1.36
E6 0.31 0.98 0.39 1.24 0.40 1.27
E7 0.29 0.92 0.22 0.70 0.42 1.33
I1 0.96 3.04 0.25 0.79 0.43 1.36
MW01T 0.40 1.27 0.25 0.79 0.48 1.52
MW02S 0.40 1.27 0.36 1.14 0.34 1.08
MW03T 0.70 2.22 0.26 0.82 0.38 1.20
MW05D 0.45 1.43 0.50 1.58 0.29 0.92
Average 0.40 1.27 0.30 0.95 0.41 1.31
Maximum 0.96 3.04 0.50 1.58 0.48 1.52
****  Sample not analyzed     
 
Table 10:  Observed concentrations and masses of nitrate during post monitoring.  Nitrate masses 
were based on % Theissen aquifer volumes as previously stated. 
 Day 342 Day 425 
 Nitrate Nitrate Nitrate Nitrate 
Well mg/L g mg/L g 
E1 0.30 0.95 <0.1 <0.1 
E2 0.50 1.58 <0.1 <0.1 
E3 <0.1 <0.1 <0.1 <0.1 
E4 <0.1 <0.1 <0.1 <0.1 
E5 <0.1 <0.1 0.60 1.90 
E6 <0.1 <0.1 <0.1 <0.1 
E7 <0.1 <0.1 <0.1 <0.1 
I1 1.30 4.12 0.10 0.32 
MW01T 0.70 2.22 <0.1 <0.1 
MW02S 0.80 2.54 <0.1 <0.1 
MW03T 0.70 2.22 <0.1 <0.1 
MW05D <0.1 <0.1 <0.1 <0.1 
Average 0.36 1.15 0.06 0.20 
Maximum 1.30 4.12 0.60 1.90 
Note:  Values of <0.1 are below detection limit. 
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Often the groundwater samples resulted in nitrate concentrations below detection level.  The 
correlation between nitrate and TOC levels can be seen in Figure 36.  This shows that within the 
cyclodextrin plume where the concentrations of TOC are higher, the concentrations of nitrate are 
lower.   
Once microorganisms consume the nitrate in the groundwater, they will then start to utilize 
sulfate as the TEA in order to degrade carbon sources.  During the post monitoring of the field 
site, changes in sulfate concentrations were observed over time.  It was observed that there was a 
depletion of the sulfate at the field site during the post monitoring.  A summary of the sulfate 
concentration observations can be seen in Table 11.  
Table 11:  Observed sulfate concentrations and masses during post monitoring.   Sulfate masses 
determined based on % Theissen aquifer volumes previously stated. 
 Day 342 Day 425 
 Sulfate  Sulfate  Sulfate Sulfate 
Well mg/L g mg/L g 
E1 7.20 22.82 6.00 19.01 
E2 5.60 17.75 1.50 4.75 
E3 0.45 1.43 <0.1 <0.1 
E4 4.80 15.21 7.10 22.50 
E5 1.20 3.80 <0.1 <0.1 
E6 1.00 3.17 <0.1 <0.1 
E7 3.40 10.77 0.41 1.30 
I1 2.40 7.61 1.40 4.44 
MW01T 3.80 12.04 51.30 162.57 
MW02S **** **** 36.60 115.99 
MW03T 11.00 34.86 **** **** 
MW05D 1.40 4.44 <0.1 <0.1 
Average 3.51 10.10 9.83 28.32 
Maximum 11.00 34.86 51.30 162.57 
Note:  Values of <0.1 are below detection limit. 
**** Samples not analyzed   
 
The sulfate concentrations within the cyclodextrin plume are less than 10 mg/L.  In contrast, 
sulfate concentrations exceed 35 mg/L for some of the wells located on the outside of the 
cyclodextrin plume.  There was an increase in the average sulfate concentration from 3.51 mg/L 
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on 342 days to 9.83 mg/L on 425 days.  This increase in the average was due to the high 
concentrations located outside of the cyclodextrin plume.  No groundwater samples were 
analyzed for sulfate on day 210.  The correlation between sulfate and TOC levels can be seen in 
Figure 37 which shows that where concentrations of cyclodextrin are high, the sulfate 
concentrations are low.   
During the post monitoring concentrations of iron were also monitored to determine if it was 
being used by the microorganisms.  Often ferric iron can also be used as a TEA during anaerobic 
degradation processes, however during the post monitoring the dissolved iron levels were found 
to be unrelated with CD.  As seen in Figure 38, there is no general trend between total iron and 
cyclodextrin concentrations.  The results of the iron sampling and analysis of the dissolved 
concentrations can be seen in Table 12.  There was a 2% decrease in the average iron 
concentration from days 342 to 425.  The average concentration on day 342 was 1.87 mg/L with 
the maximum concentration of 8.70 mg/L found in well E7.  On day 425, the average iron 
concentration was 1.83 mg/L with the maximum concentration of 4.85 mg/L found in well E3.  
Groundwater samples were not analyzed on day 210 after the cessation of the field activities.   
The concentration of chloride was also monitored at the field site to determine if there was an 
increase in the amount of chloride due to the degradation of the chlorinated solvents.  The results 
of the chloride concentrations and masses at the field site are shown in Table 13.  There was an 
8% increase in the concentration of chloride from day 342 to 425. The amount of chloride loss 
from days 342 to 425 for the target VOCs is 12.7 mg/L.  This amount can be compared to the 
increase in chloride concentration of 35.6 mg/L determined from sampling the groundwater.   
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Table 12:  Observed iron concentrations and masses during post monitoring.   Iron masses 
determined based on % Theissen aquifer volumes previously stated. 
 Day 342 Day 425 
 Fe Fe Fe Fe 
Well mg/L g mg/L g 
E1 1.90 6.02 0.19 0.60 
E2 0.15 0.48 4.23 13.41 
E3 0.11 0.35 4.85 15.37 
E4 1.10 3.49 0.21 0.67 
E5 0.21 0.67 0.05 0.16 
E6 2.70 8.56 0.10 0.32 
E7 8.70 27.57 0.45 1.43 
I1 4.00 12.68 1.27 4.02 
MW01T 1.30 4.12 2.32 7.35 
MW02S 1.58 4.99 0.65 2.06 
MW03T 0.64 2.02 4.48 14.20 
MW05D 0.06 0.18 1.48 4.69 
Average 1.87 5.92 1.83 5.79 
Maximum 8.70 27.57 4.85 15.37 
 
Table 13:  Observed chloride concentrations and masses during post monitoring.   Chloride 
masses determined based on % Theissen aquifer volumes previously stated. 
 Day 342 Day 425 
 Chloride Chloride Chloride Chloride
Well mg/L g mg/L g 
E1 3.90 12.36 6.70 21.23 
E2 6.80 21.55 40.00 126.76 
E3 138.90 440.18 168.90 535.25 
E4 7.10 22.50 37.20 117.89 
E5 54.10 171.45 42.20 133.73 
E6 77.60 245.92 0.97 3.07 
E7 11.90 37.71 22.60 71.62 
I1 64.00 202.82 78.70 249.40 
MW01T 2.50 7.92 6.10 19.33 
MW02S **** 0.00 15.10 47.85 
MW03T 12.10 38.35 **** 0.00 
MW05D 40.60 128.66 39.40 124.86 
Average 41.56 119.73 45.12 129.98 
Maximum 138.90 440.18 168.90 535.25 
**** Samples not 
analyzed     
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Chapter 7 Laboratory Results 
7.1 Aerobic Batch Study 
An aerobic batch study was conducted in the laboratory to determine the rate at which 
HPβCD degrades.  This was determined by monitoring the decrease in the performance of 
cyclodextrin to enhance the solubility of contaminants.  The results can be seen in Figure 39.  It 
can be seen from this figure that the flasks not autoclaved had a decrease in the enhancement 
when compared to the autoclaved flasks.  It can also be determined from this figure that the 
degree of enhancement decreased over time. However, these were not substantial decreases.  No 
samples were analyzed at the beginning of the study for TCE enhancements due to the changes 
in the methods for determining cyclodextrin degradation.  From days 132 to 203 there was a 
decrease of 20% in the average enhancement from 5.35 to 4.26 for the flasks that were 
autoclaved.  This can be compared to a decrease of 24% for the flasks not autoclaved from an 
average of 4.35 to 3.29 for days 132 to 203.  Flasks not autoclaved had an enhancement factor 
23% lower than the flasks that were autoclaved at the end of the study.  Results from individual 
flasks from this study are listed in Appendix B. 
7.2 BOD and COD  
Samples prepared of 10% HPαCD, 10%HPβCD, and 10%HPγCD made with high purity 
water were analyzed for biochemical oxygen demand (BOD) and chemical oxygen demand 
(COD) (Table 14).  HPαCD had the highest BOD (7.14 g/L) followed by HPβCD (4.51 g/L) and 
HPγCD (3.89 g/L).  The results of the COD analysis show that HPβCD has the highest COD 
(127.2 g/L) followed by HPαCD and HPγCD both with COD values of 90.63 g/L. 
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Figure 39:  Average TCE enhancements during batch experiments. 
Table 14:  Chemical oxygen demand (COD) and biochemical oxygen demand (BOD) values for 
three cyclodextrins. 
  COD COD BOD BOD 
Cyclodextrin mg/L g/L mg/L g/L 
HPαCD 90626 90.626 7140 7.14
HPβCD 127200 127.2 4512 4.512
HPγCD 90626 90.626 3894 3.894
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Chapter 8 Field Tests-Discussion 
8.1 Field Tests 
Microorganisms need a growth substrate, such as cyclodextrin or readily degradable 
organic contaminants, to be used as a carbon source during the degradation process.   Electrons 
that are produced during the degradation of substrates, such as hydrogen, must be transferred to 
terminal electron acceptors (TEAs). During this transfer, energy is produced which is utilized by 
the microorganism. There are two primary types of degradation that can occur, aerobic and 
anaerobic.  During aerobic respiration, microorganisms only use oxygen as a TEA.  Anaerobic 
degradation occurs when microorganisms use other TEAs, such as nitrate, ferric iron, and 
sulfate.  The anaerobic microorganisms cannot use oxygen as a TEA and oxygen may even be 
toxic to them.  The following stoichiometric equations are examples of the reactions involved in 
the degradation of organic matter during different environments (Azadpour-Keeley et al. 2001).  
CH2O serves as a generic version of organic matter commonly found in the environment and 
used as a growth substrate for the microorganisms.   
Aerobic respiration, oxygen reduction: CH2O + O2 → CO2 + H2O 
Nitrate reducing:  5CH2O + 4NO3- + 4H+ → 5CO2 + 2N2 + 7H2O 
Iron (ferric) reducing:  CH2O + 4Fe(OH)3 + 8H+ → CO2 + 4Fe2+ + 11H2O  
Sulfate reducing:  2CH2O + SO42- + H+ → 2CO2 + HS- + 2H2O2 
This simplified version of organic matter has the same ratio of carbon, oxygen, and 
hydrogen as does glucose and thus similar to the ratios for HPβCD, which is C1.43H2.52O.  Using 
this ratio for HPβCD, new reduction reactions were determined as follows: 
Aerobic respiration, oxygen reduction: C57.75H101.5O40.25 + 63O2 → 57.75CO2 + 
50.75H2O 
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Nitrate reducing:  C57.75H101.5O40.25 + 50.4NO3- + 50.4H+ → 57.75CO2 + 25.2N2 + 
75.95H2O 
Iron (ferric) reducing:  C57.75H101.5O40.25 + 251.99Fe(OH)3 + 503.98H+ → 57.75CO2 + 
251.99Fe2+ + 680.72H2O 
Sulfate reducing: C57.75H101.5O40.25 + 44.19SO42- + 44.19H+ → 57.75CO2 + 44.19HS- + 
50.75H2O2 
Based on these idealized mass action reactions where HPβCD is used as the carbon 
source during degradation processes, the ratio of the amount of HPβCD consumed in g per g of 
TEA consumed can be determined.  According to these equations, during aerobic degradation of 
HPβCD for every 1 g of CD consumed, a minimum of 1.40 g of oxygen are consumed.  For 
nitrate reducing conditions, for every 1 g of CD consumed, a minimum of 2.17 g of nitrate are 
consumed.  For sulfate reducing conditions, for every 1 g of CD consumed, a minimum of 2.95 g 
of sulfate are consumed.  For iron reducing conditions, for every 1 g of CD consumed, a 
minimum of 18.70 g of iron are consumed.  The equations where HPβCD is used as the carbon 
source can also be compared to the general degradation equations on a molar basis.  It can be 
seen that more moles of the TEAs are needed to degrade HPβCD than to degrade a simple 
glucose molecule.  These equations represent the ideal degradation pathways for HPβCD and 
show the minimum amounts of TEAs needed to degrade the HPβCD.  Greater amounts of the 
TEAs would be needed for the complete degradation of HPβCD in a field or laboratory 
experiment because of the intermediate degradation steps.  These idealized reactions represent a 
one-step degradation process resulting in mineralization of HPβCD.   
 
 
80 
8.2 Cyclodextrin 
It has been found at another field demonstration in Tucson, Arizona where CD was 
injected into a trichloroethene contaminated unconfined aquifer that a large percentage of the CD 
solutions were unrecovered (46% for a field study conducted by Blanford et al. (2001)).  In that 
study it was also noticed in infrequent sampling of one well that groundwater geochemistry (Eh 
and dissolved oxygen) was altered for over twelve months after the flushing.  To more formally 
evaluate the extent to which groundwater geochemistry and contamination maybe altered after 
CD was employed at a site, the groundwater at the NABLC field site was monitored periodically 
over 435 days after the cessation of the active remediation.  This involved monitoring the 
concentration of VOCs, inorganic ions, and cyclodextrin in the groundwater to determine the 
presence and potential impact of the sugar solution on the aquifer geochemistry and 
contamination.    
After the cessation of field activities, an estimated 900 kg of cyclodextrin remained in the 
subsurface.  Changes in the concentrations of the cyclodextrin were tracked during the post 
monitoring to determine if the microorganisms present in the aquifer were still utilizing it as a 
carbon source.  The cyclodextrin concentrations at the field site were determined from total 
organic carbon (TOC) analysis. However this method has limitations.  There exists a naturally 
occurring background level of TOC, and additional dissolved organic carbon may possibly be 
produced from the degradation of cyclodextrin (CD) in the field study area. This background 
level of TOC is likely either due to the leaking sewer near the field site or due to the biomass that 
is produced from the natural degradation of organic matter.  The average background TOC 
concentration for the field site was determined by sampling the monitoring wells located outside 
of the cyclodextrin plume and was found to be 0.07 g/L.  All monitoring wells sampled within 
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the cyclodextrin plume showed levels of dissolved organic carbon at least 1.6 times the 
background TOC readings implying that cyclodextrin is present or its former presence has 
altered the groundwater TOC. 
The highest concentrations of TOC found during the post monitoring were located at 
wells E3 and E6.  The maximum observed concentration of TOC in well E6 was found on day 
210 (11.4 g/L) and for well E3 the maximum concentration was on day 425 (10.4 g/L).   Both of 
these wells were used as injection points for the cyclodextrin solutions during all cyclodextrin 
flushing tests where the HPβCD concentration in injected solution ranged from 50 - 360 g/L .   
Also, these wells were involved in injection and extraction during the post partitioning interwell 
tracer test (PITT), which may partially explain the delay after the post PITT with which the 
groundwater concentrations of TOC in these wells peaked. 
From day 210 to day 342 the average observed TOC mass decreased 64% and then 
increased from day 342 to day 425 by 13%.  This observed decrease is likely due to the 
microbial degradation of the cyclodextrin.  The microorganisms possibly used the cyclodextrin 
as a carbon source.  The increase in the TOC mass could be due to an increase in biomass being 
produced during the CD degradation.  On day 210, the observed total mass of TOC at the field 
site was 24.4 kg.  This is a 97% decrease in mass from the estimated 900 kg of cyclodextrin that 
remained in the aquifer after the cessation of the cyclodextrin flushing.  A portion of that 
observed decrease is from CD being withdrawn during the post PITT.  
The center of mass of the plume moved 0.4 meters toward the southeast during the time 
from 210 days and 342 days and moved 1.0 meters toward the northwest from 342 days until 425 
days.  The apparent movement of the center of the plume is associated with the movement of 
groundwater, but is also controlled by the relative rate of CD degradation which is unlikely to be 
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uniform.  The effect of the CD degradation on the CD plume movement is thought to be true 
because the concentration of CD and the potential terminal electron acceptors (TEAs) involved 
in biodegradation are not uniformly distributed within the aquifer at the site.   
8.3 Volatile Organic Contaminants (VOCs) 
 Groundwater samples collected during a Geoprobe investigation in July 2001 performed 
by CH2MHill were analyzed for several volatile organic contaminants (VOCs) in order to 
determine the contaminants present at the field site and their associated concentrations.  The 
contaminant plume is composed primarily of trichloroethylene (TCE), 1,1,1-trichloroethane 
(1,1,1-TCA), and 1,1-dichloroethene (1,1-DCE).  There is a potential for the anaerobic 
degradation of these compounds over time due to either chemical or biological degradation.  The 
anaerobic degradation pathway for TCE can be seen in Figure 40.  It has been shown in both 
field and laboratory studies that TCE when degraded will produce either 1,1-DCE, cis-1,2-DCE, 
or trans-1,2-DCE, and vinyl chloride, however, the dominant degradation product is cis 1,2-
DCE. The possible degradation pathways of 1,1,1-TCA can be seen in Figure 41.  It can be seen 
in this figure that 1,1,1-TCA can degrade three possible ways.  If the degradation is biotic 
(biological), it will produce 1,1-DCA and chloroethane.  However, if the degradation is abiotic 
(chemical), it can either produce acetic acid or 1,1-DCE and vinyl chloride.   
 It was observed at the field site that the contaminants present were being degraded over 
time.  It was determined that the higher concentrations of 1,1-DCA when compared to 1,1-DCE 
are evidence that the 1,1,1-TCA present at the field site is being degraded predominantly  by 
biological activity.  Chemical degradation is also occurring which is producing the 1,1-DCE, 
however, this degradation pathway does not seem to be the dominant pathway at the field site.  It 
can also be concluded that the degradation of the TCE is producing cis-1,2-DCE.  This can be 
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seen in Figure 9 where there is a linear relationship between TCE concentrations and               
cis-1,2-DCE concentrations.  Over time there will be a decrease in the concentration of TCE and 
1,1,1-TCA and an increase in its degradation products.  It has been found in other research on 
TCE and 1,1,1-TCA degradation in anaerobic aquifers that while TCE and 1,1,1-TCA are easily 
degraded, the daughter products 1,1-DCA, 1,1-DCE, cis-1,2-DCE, trans-1,2-DCE, and 
chloroethene are less prone to degradation and will tend to accumulate (Lesage et al. 1990). 
 
Figure 40:  TCE anaerobic degradation pathway. 
During post monitoring of the field site, it was observed that contaminant levels 
decreased over time, most likely due to degradation.  A graph of the average concentrations of 
the total target VOCs (TCE, 1,1,1-TCA, and 1,1-DCE) over the time span of observation (Figure 
24) shows that there is an exponential decrease in concentration for TCE, and 1,1,1-TCA, 
however, 1,1-DCE increases slightly over time.  The increase in 1,1-DCE is likely due to the 
chemical degradation of the 1,1,1-TCA because 1,1-DCE is a product of 1,1,1-TCA anaerobic 
degradation (Norris et al. 1994).  As seen in Figure 24, the average concentration of 1,1,1-TCA 
is decreasing at a faster rate than the 1,1-DCE during the post monitoring.  The rate at which 
84 
chlorinated solvents will degrade in anaerobic aquifers is dependent upon the degree of 
chlorination of the solvents.  1,1,1-TCA has a higher degree of chlorination when compared to 
1,1-DCE and therefore degrades as a faster rate than 1,1-DCE under anaerobic conditions.  This 
phenomenon is because the more highly chlorinated solvents are more highly oxidized and are 
therefore more likely to undergo reduction reactions (Norris et al. 1994).  The 1,1,1-TCA is 
likely to also be degrading chemically to produce acetic acid and biologically to produce 1,1-
DCA, however, groundwater samples were not analyzed for these compounds.  The decrease in 
the TCE is likely being degraded and producing cis-1,2-DCE, however, this compound was also 
not monitored over time. 
 
Figure 41:  Abiotic (A) and biotic (B) degradation of 1,1,1-TCA. 
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The concentrations of the target VOCs were graphed versus TOC concentrations to 
determine if there was a correlation over time between the apparent degradation of the target 
VOCs and the cyclodextrin as determined from TOC readings.  It can be seen in Figures 26 ad 
27 that the overall trends of TCE and 1,1,1-TCA concentrations are decreasing over time for all 
four wells.  This decrease is due in part to the biological or chemical degradation of these 
compounds, as discussed previously.  It can also be seen that the average concentrations of TOC 
decreased from day 210 to day 342, but increased from day 342 to day 425.  This increase is 
likely due to biomass being produced from the degradation of the cyclodextrin present in the 
aquifer or from movement of the cyclodextrin plume.  DCE showed no trend in the data (Figure 
28).  This is reflective of much lower levels and variability of DCE at the site. 
Based on the Theissen method, it was observed that the combined mass of total target 
VOCs decreased during the field activities.  This is likely due to dilution from the addition of 
low VOC water during the cyclodextrin flushes and the PITTs.  It was also observed that the 
total mass of the total target VOCs increased from the cessation of the field activities until 210 
days later when the masses reached observed maximum levels.  This increase was due to rate 
limited dissolution of the target VOCs.  From day 210 to day 425 the total masses of the target 
VOCs, TCE, and 1,1,1-TCA decreased.  This decrease is possibly from the chemical and 
biological degradation of the VOCs, as discussed previously.   
8.4 Terminal Electron Acceptors (TEAs) 
During the PITTS, a significant amount of dissolved oxygen (DO) was consumed due to the 
degradation of the alcohols (see Divine et al. 2004) (Figures 34 and 35).  During the pre PITT, 
the aquifer showed a lower propensity to remove the high levels of DO injected during this test 
than post PITT.  The post PITT exhibited a shorter lag period and a greater amount of DO 
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removal than the pre PITT (see Divine et al. 2004).  This decrease in DO is likely due to the 
aerobic degradation of the alcohols.  During this degradation process, the microorganisms in the 
subsurface are likely using the alcohols as a carbon source and the dissolved oxygen as an energy 
source.  The concentration of DO decreased more rapidly during the post PITT due to needing a 
shorter acclimation period.  This can be seen from Figures 34 and 35 where the dissolved oxygen 
concentration decreased more during the post PITT compared to the pre PITT.  This decrease in 
DO was most likely due to the alcohol tracers being consumed by the microorganisms.  When a 
new substrate is added into the subsurface, it takes the microorganisms a certain amount of time 
to become acclimated to the new substrate before consumption of the substrate will begin.  This 
is commonly referred to as the lag period.  The shorter observed lag period of the post PITT is 
due to the fact that the microorganisms were likely already acclimated to the presence of 
alcohols from the pre PITT.  This caused the shorter acclimation period and thus the 
microorganisms starting degrading the alcohols more quickly during the post PITT. During the 
pre PITT the microorganisms starting degrading the alcohols after about 6 days where as during 
the post PITT degradation started after 1 day.  
To determine if the cyclodextrin remaining in the aquifer after cessation of field activities 
affected the groundwater geochemistry, groundwater samples were collected and analyzed for 
TEAs during the post monitoring.  There was no significant change in dissolved oxygen (DO) 
concentrations from 210 days to 425 days after cessation of field activities as is seen in Figure 
32.   This shows that the presence of cyclodextrin (CD) within this already anaerobic aquifer did 
not even further deplete the DO levels. There is no correlation between the concentration of DO 
and TOC (Figure 33), which is also an indication that DO is not being used for degradation of 
the total organic carbon (TOC).  Because to the DO concentrations were below 0.5 mg/L, it can 
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be determined that the microbial community that was using oxygen for an energy source is no 
longer active.  Instead degradation is being caused by microorganisms that are using other 
terminal electron acceptors (TEAs), such as nitrate and sulfate.   
Once available oxygen is consumed, nitrate respiration will become the next degradation 
reaction. The nitrate concentrations at the field site may be decreasing because they are being 
used as a TEA during the process of degradation of cyclodextrin.  The higher the concentration 
of TOC, the lower the concentration of nitrate (Figure 36).  This correlation shows that when the 
TOC concentration is high, there is a lower concentration of nitrate present because it is being 
used in order to degrade the cyclodextrin.   
Once microorganisms consume the nitrate in the groundwater, they will then start to 
utilize other TEAs in order to degrade carbon sources.  During the post monitoring of the field 
site, changes in sulfate concentrations were observed over time to determine if the sulfate was 
being consumed by the microorganisms during degradation processes.  Due to the field site being 
anaerobic after the cessation of the field activities, the microorganisms will use the nitrate and 
sulfate present in the groundwater for energy.  As previously stated, the nitrate concentrations at 
the field site have been depleted to below detection limits, therefore the microorganisms may 
utilize the sulfate instead for an energy source.  This can be seen from the depletion of the sulfate 
at the field site during the post monitoring (Figure 37).  The lower concentrations of sulfate in 
the area of the cyclodextrin plume shows that the sulfate is being used as an energy source for 
the degradation of cyclodextrin.  This correlation can also be seen in Figure 37 where at high 
concentrations of TOC the sulfate concentrations are low.   
In an anaerobic system, microorganisms can utilize iron as another source of energy.  At 
the field site iron concentrations were also tracked during the post monitoring. Based on results 
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from the analysis of groundwater samples, it can be concluded that iron is not being widely used 
or depleted in biodegradation reactions of cyclodextrin.  The concentrations of iron did not 
significantly change over time and a correlation between concentration of iron and TOC was not 
seen.  This is likely because total iron concentrations were tracked.  It was not determined if 
ferric iron was being utilized during biodegradation.   
Unlike DO and iron, the groundwater geochemistry of nitrate and sulfate were found to 
be depleted within the degrading cyclodextrin plume.  This indicates that nitrate and sulfate, 
which are common potential terminal electron acceptors involved in biodegradation, are likely 
being consumed during the biodegradation of cyclodextrin.  Biodegradation of the remnant 
cyclodextrin left in the aquifer is possible because it has been shown to be degradable by certain 
microorganisms as discussed previously.  The degradation can also be explained by the observed 
elevated levels of TOC where cyclodextrin was injected and where some was unrecovered.  
These TOC levels decreased over time which implies that it is because of CD biodegradation. 
Due to the pre-existing low levels of dissolved oxygen in the aquifer, it is concluded that the DO 
levels are insufficient to support meaningful levels aerobic biodegradation of HPCD. Similar to 
nitrates, the sulfate within the cyclodextrin plume decreased over time while outside of the 
cyclodextrin plume, the sulfate concentrations have increased substantially.  This indicates that 
sulfate is also being lost due to biodegradation processes.   
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Chapter 9 Laboratory Experiments-Discussion 
 Results from the laboratory study showed that the flasks that were autoclaved had less 
decrease in the enhancement factor of trichloroethylene (TCE) within the HPβCD solution over 
time than did the flasks that were not autoclaved.  This is likely due to the degradation of 
cyclodextrin occurring in the non sterile flasks causing less amounts of TCE to be dissolved into 
the solution.  The first two sampling times on days 101 and 122 after the start of the study 
resulted in low enhancement factors for the TCE.  This was probably due to the TCE not being at 
saturation due to loss from volatilization.  During this study, the cyclodextrin within the flasks 
likely degraded which would have caused the decrease in the enhancement of the TCE solubility.  
The flasks not autoclaved would have had more microorganisms present than the flasks 
autoclaved thus causing an increase in the amount of degradation possible.   
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Chapter 10 Conclusions 
 Field and laboratory experiments were conducted to determine the rate at which 
cyclodextrin degrades after cessation of remediation activities at a field site and whether this 
degradation affects groundwater geochemistry parameters and the contaminants present.  During 
the post monitoring of the field project, it was observed that the levels of total organic carbon 
(TOC), used to measure the amount of cyclodextrin present, decreased likely due to the 
degradation of the cyclodextrin remaining in the subsurface.  It was also observed that dissolved 
oxygen and iron were not consumed in the apparent degradation of cyclodextrin. However, 
nitrate and sulfate decreased in the zone were the cyclodextrin mass was being lost.  This loss is 
apparently due to being used as a terminal electron acceptor (TEA) in the anaerobic 
biodegradation of the cyclodextrin.  It was also observed that the volatile organic contaminants 
present at the field site decreased during post monitoring.  This decrease is likely due to chemical 
degradation processes as well as biological degradation processes associated with the 
cyclodextrin.  Laboratory studies were also conducted to determine the rate at which 
cyclodextrin degrades during a controlled environment.  During these laboratory studies it was 
observed that those flasks which were not autoclaved showed a larger decrease in 
trichloroethylene enhancement over time than the autoclaved flasks.  
The concentrations and masses of VOCs were also monitored during the post monitoring 
to determine if degradation was occurring and if this was due to the CD present in the aquifer.  It 
was seen that the mass of the VOCs from samples taken within the CD plume decreased over 
time with TCE having the greatest amount of decrease followed by 1,1,1-TCA and then 1,1-
DCE.  This decrease in VOC mass is likely due both chemical and biological degradation.  From 
day 342 to day 425 during the post monitoring there was an increase in the mass of 1,1-DCE 
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within the groundwater.  The increase in 1,1-DCE is likely due to the chemical degradation of 
1,1,1-TCA.  The results show that the ratio between 1,1,1-TCA and 1,1-DCE decreased over 
time which implies that the 1,1,1-TCA is degrading at a quicker rate than the 1,1-DCE.  1,1-DCE 
is also a daughter product of 1,1,1-TCA degradation, so the increase in the 1,1-DCE mass could 
be due to the degradation of 1,1,1-TCA.   
During this field study it was demonstrated that cyclodextrin works well for remediation.  
However, the CD remaining in the subsurface can affect the groundwater geochemistry as well 
as the contaminants present.  It was also determined that after cessation of the field activities, the 
CD left at the site will degrade over time and that this degradation can lead to enhanced 
bioremediation of the VOCs.  During the post monitoring of the field site, the groundwater 
geochemistry also changed.  The nitrate and sulfate concentrations within the CD plume 
decreased over time because the microorganisms used them for energy during the process of 
degradation of CD.  There was, however, no significant change in the concentrations of 
dissolved oxygen or total iron at the site. 
 Laboratory batch studies were conducted to determine the degradation rate of 
cyclodextrins in a controlled environment.  Batch studies were conducted during which 10% 
HPβCD solutions were made using water collected from the field site.  This solution was added 
to site soil and placed in a 125 ml flask and allowed to shake.  Amounts of trichloroethylene in 
excess of water solubility were then added to the flasks in order to determine if there is a change 
over time in the performance of HPβCD as a solubility enhancing agent.  The results from this 
study showed that flasks whose contents were not autoclaved showed a greater decrease in the 
enhancement in TCE over time than did those flasks that were not autoclaved.  This observed 
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decrease is likely due to a larger variability and amount of microorganisms present in the flasks 
that were not autoclaved. 
Additional field studies should be conducted to reevaluate the degradation of 
cyclodextrin that is remaining in the subsurface after cessation of active remediation. The length 
of this post monitoring was 1.25 years, however, a longer post remediation monitoring period 
could be used.  Concentrations of CD should be monitored over time, however, a different 
method other than TOC should be used to determine the concentrations due to background levels 
of TOC present in the groundwater.  During this field study, three target VOCs were monitored.  
In future studies, all degradation products of the VOCs present should be monitored to better 
determine the rate at which the VOCs are degrading.  This would also help to determine if the 
VOC degradation is due to chemical or biological processes.  The geochemistry properties that 
should be monitored over time would be dissolved oxygen, nitrate, sulfate, and iron to determine 
if these terminal electron acceptors (TEAs) are being utilized during the degradation of CD.  The 
chloride concentration should also be monitored to determine if it is increasing due to 
degradation of the VOCs.  To better determine the rate at which the VOCs were degraded, 
changes in the pH, ionic strength, and Eh of the groundwater should be measured over time.  The 
microorganisms present within the contaminated aquifer should be isolated and tracked during 
remediation and post monitoring to determine if there is a change in the type and quantity of 
microorganisms due to the added cyclodextrin. 
During this field study 12 monitoring wells were used to monitor the site after the 
cessation of the field activities.  For future studies multi level small diameter monitoring wells 
should be used to determine a better estimate of the mass of VOCs and CD at the site.  
Laboratory studies also need to be conducted to determine the ratio of the conversion rates for 
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TCE to cis-1,2-DCE and trans-1,2-DCE degradation.  In order to perform this study, four 
systems would be set up.  One would be with TCE and water and one with TCE and cyclodextrin 
solution.  These would be autoclaved to sterilize them to prevent degradation from occurring and 
would be used as controls.  One would have TCE, cyclodextrin solution, and site soil while 
another would be TCE, nanopure water, and site soil.  These two would be used to determine at 
what rate cyclodextrin increases the rate of degradation of TCE to the two DCEs compared to 
that of water.    Studies have already been conducted to determine some species of 
microorganisms capable of degrading CD.  Laboratory studies should be conducted to determine 
what species of microorganisms are present in the soil at the field site and which of these 
microorganisms are responsible for the degradation of the CD.  
 Often after the cyclodextrin flushing has concluded, the CD not used is disposed of at a 
waste water treatment plant.  In future studies, this CD remaining should be instead slowly 
injected into the subsurface.  This would not only decrease the costs of disposal, but may also 
enhance the bioremediation of any contaminants remaining in the aquifer.   
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Appendix B:  Results from Aerobic Laboratory Experiment 
 
Flask ID 
Date 
sampled 
time 
since 
start of 
test Contents 
Auto-
claved
Vial 
Vol 
(ml) 
Vol 
HPBCD 
(ml) Absorbance
TCE 
Diluted 
(mg/L) 
TCE 
Conc. 
(mg/L) 
Enhance-
ment 
A1-
103103 2/9/2004 101 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.16 gm site 
soil Yes 2 0.01 0.818 13.60 2719.79 2.47 
A1-
103103 3/1/2004 122 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.16 gm site 
soil Yes 2 0.01 0.296 10.48 2095.22 1.90 
A1-
103103 3/11/2004 132 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.16 gm site 
soil Yes 2 0.01 1.654 27.43 5486.10 4.99 
A1-
103103 3/29/2004 150 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.16 gm site 
soil Yes 2 0.01 1.816 30.85 6169.02 5.61 
A1-
103103 4/30/2004 182 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.16 gm site 
soil Yes 2 0.01 1.565 25.57 5113.03 4.65 
A1-
103103 5/21/2004 203 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.16 gm site 
soil Yes 2 0.01 1.674 26.45 5289.18 4.81 
           
A2-
103103 2/9/2004 101 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.10 gm site 
soil Yes 2 0.01 0.528 8.61 1721.51 1.57 
A2-
103103 3/1/2004 122 
100 ml 10% HPBCD 
and Nano Pure 
Water, 20.10 gm site 
soil Yes 2 0.01 0.348 11.61 2321.30 2.11 
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A2-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.782 29.60 5920.00 5.38 
A2-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.679 28.49 5697.42 5.18 
A2-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.469 23.94 4788.16 4.35 
A2-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.644 25.96 5192.25 4.72 
           
A3-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 0.568 9.30 1859.21 1.69 
A3-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 0.238 9.22 1843.04 1.68 
A3-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.778 29.53 5906.44 5.37 
A3-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.788 30.36 6072.63 5.52 
A3-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.643 26.88 5376.99 4.89 
A3-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.629 25.72 5143.78 4.68 
           
A4-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.08 
gm site soil Yes 2 0.01 0.724 11.98 2396.21 2.18 
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A4-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.08 
gm site soil Yes 2 0.01 0.201 8.41 1682.17 1.53 
A4-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.08 
gm site soil Yes 2 0.01 1.758 29.19 5838.64 5.31 
A4-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.08 
gm site soil Yes 2 0.01 1.772 30.09 6017.56 5.47 
A4-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.08 
gm site soil Yes 2 0.01 1.567 25.60 5119.80 4.65 
A4-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.08 
gm site soil Yes 2 0.01 1.645 25.98 5195.48 4.72 
           
A5-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.06 
gm site soil Yes 2 0.01 0.619 10.17 2034.77 1.85 
A5-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.06 
gm site soil Yes 2 0.01 0.454 13.91 2782.17 2.53 
A5-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.06 
gm site soil Yes 2 0.01 1.85 30.75 6150.51 5.59 
A5-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.06 
gm site soil Yes 2 0.01 1.056 17.76 3552.84 3.23 
A5-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.06 
gm site soil Yes 2 0.01 1.181 19.07 3813.54 3.47 
A5-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.06 
gm site soil Yes 2 0.01 1.677 26.49 5298.87 4.82 
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A6-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 0.616 10.12 2024.44 1.84 
A6-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 0.332 11.26 2251.74 2.05 
A6-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.762 29.26 5852.20 5.32 
A6-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.702 28.88 5776.59 5.25 
A6-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.77 29.03 5806.77 5.28 
A6-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.07 
gm site soil Yes 2 0.01 1.755 27.75 5550.89 5.05 
           
A7-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 0.634 10.43 2086.40 1.90 
A7-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 0.276 10.04 2008.26 1.83 
A7-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.728 28.68 5736.95 5.22 
A7-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.629 27.63 5525.30 5.02 
A7-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.434 23.35 4669.71 4.25 
A7-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.10 
gm site soil Yes 2 0.01 1.513 23.84 4768.98 4.34 
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A8-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.09 
gm site soil Yes 2 0.01 1.379 23.25 4650.95 4.23 
A8-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.09 
gm site soil Yes 2 0.01 0.308 10.74 2147.39 1.95 
A8-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.09 
gm site soil Yes 2 0.01 1.766 29.33 5865.76 5.33 
A8-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.09 
gm site soil Yes 2 0.01 1.698 28.81 5762.82 5.24 
A8-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.09 
gm site soil Yes 2 0.01 1.484 24.19 4838.92 4.40 
A8-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.09 
gm site soil Yes 2 0.01 1.459 22.97 4594.51 4.18 
           
A9-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 0.906 15.11 3022.72 2.75 
A9-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 0.301 10.58 2116.96 1.92 
A9-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.795 29.82 5964.07 5.42 
A9-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.719 29.18 5835.11 5.30 
A9-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.753 28.75 5749.24 5.23 
A9-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.59 25.09 5017.77 4.56 
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A11-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 19.99 
gm site soil Yes 2 0.01 1.27 21.38 4275.73 3.89 
A11-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 19.99 
gm site soil Yes 2 0.01 0.316 10.91 2182.17 1.98 
A11-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 19.99 
gm site soil Yes 2 0.01 1.801 29.92 5984.41 5.44 
A11-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 19.99 
gm site soil Yes 2 0.01 1.689 28.66 5731.84 5.21 
A11-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 19.99 
gm site soil Yes 2 0.01 1.563 25.53 5106.26 4.64 
A11-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 19.99 
gm site soil Yes 2 0.01 1.726 27.29 5457.19 4.96 
           
A12-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 0.796 13.22 2644.06 2.40 
A12-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 0.328 11.17 2234.35 2.03 
A12-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.8 29.91 5981.02 5.44 
A12-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.754 29.78 5955.59 5.41 
A12-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.584 25.89 5177.33 4.71 
A12-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.467 23.10 4620.36 4.20 
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A13-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 20.03 
gm site soil Yes 2 0.01 0.997 16.68 3335.97 3.03 
A13-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 20.03 
gm site soil Yes 2 0.01 0.269 9.89 1977.83 1.80 
A13-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 20.03 
gm site soil Yes 2 0.01 1.757 29.18 5835.25 5.30 
A13-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 20.03 
gm site soil Yes 2 0.01 1.689 28.66 5731.84 5.21 
A13-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 20.03 
gm site soil Yes 2 0.01 1.514 24.70 4940.44 4.49 
A13-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 20.03 
gm site soil Yes 2 0.01 1.427 22.46 4491.11 4.08 
           
A14-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.749 29.62 5924.61 5.39 
A14-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 0.444 13.69 2738.70 2.49 
A14-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.783 29.62 5923.39 5.38 
A14-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.673 28.38 5676.76 5.16 
A14-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 1.315 21.34 4267.01 3.88 
A14-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 19.96 
gm site soil Yes 2 0.01 0.717 10.99 2197.09 2.00 
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A15-
103103 2/9/2004 101 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.136 19.07 3814.46 3.47 
A15-
103103 3/1/2004 122 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 0.184 8.04 1608.26 1.46 
A15-
103103 3/11/2004 132 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.785 29.65 5930.17 5.39 
A15-
103103 3/29/2004 150 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.732 29.40 5879.86 5.35 
A15-
103103 4/30/2004 182 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.514 24.70 4940.44 4.49 
A15-
103103 5/21/2004 203 
100 ml 10% HPBCD and 
Nano Pure Water, 19.97 
gm site soil Yes 2 0.01 1.428 22.47 4494.35 4.09 
           
A16-
103103 2/9/2004 101 100 ml 10% HPBCD Yes 2 0.01 0.783 13.00 2599.31 2.36 
A16-
103103 3/1/2004 122 100 ml 10% HPBCD Yes 2 0.01 0.25 9.48 1895.22 1.72 
A16-
103103 3/11/2004 132 100 ml 10% HPBCD Yes 2 0.01 1.809 30.06 6011.53 5.47 
A16-
103103 3/29/2004 150 100 ml 10% HPBCD Yes 2 0.01 1.805 30.66 6131.15 5.57 
A16-
103103 4/30/2004 182 100 ml 10% HPBCD Yes 2 0.01 1.791 29.39 5877.83 5.34 
A16-
103103 5/21/2004 203 100 ml 10% HPBCD Yes 2 0.01 1.548 24.41 4882.07 4.44 
           
A17-
103103 2/9/2004 101 100 ml 10% HPBCD Yes 2 0.01 0.564 9.23 1845.44 1.68 
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A17-
103103 3/1/2004 122 100 ml 10% HPBCD Yes 2 0.01 0.219 8.80 1760.43 1.60 
A17-
103103 3/11/2004 132 100 ml 10% HPBCD Yes 2 0.01 1.767 29.35 5869.15 5.34 
A17-
103103 3/29/2004 150 100 ml 10% HPBCD Yes 2 0.01 1.823 30.97 6193.12 5.63 
A17-
103103 4/30/2004 182 100 ml 10% HPBCD Yes 2 0.01 1.679 27.49 5498.82 5.00 
A17-
103103 5/21/2004 203 100 ml 10% HPBCD Yes 2 0.01 1.564 24.67 4933.76 4.49 
           
A18-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 19.93 gm site 
soil Yes 2 0.01 0.599 9.83 1965.92 1.79 
A18-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 19.93 gm site 
soil Yes 2 0.01 0.461 14.06 2812.61 2.56 
A18-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 19.93 gm site 
soil Yes 2 0.01 1.796 29.84 5967.46 5.42 
A18-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 19.93 gm site 
soil Yes 2 0.01 1.652 28.02 5604.48 5.09 
A18-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 19.93 gm site 
soil Yes 2 0.01 0.936 14.92 2984.43 2.71 
A18-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 19.93 gm site 
soil Yes 2 0.01 0.441 6.53 1305.33 1.19 
           
A20-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 19.95 gm site 
soil No 2 0.01 0.679 11.21 2241.31 2.04 
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A20-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 19.95 gm 
site soil No 2 0.01 0.251 9.50 1899.57 1.73 
A20-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 19.95 gm 
site soil No 2 0.01 1.693 28.09 5618.31 5.11 
A20-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 19.95 gm 
site soil No 2 0.01 1.253 21.15 4230.98 3.85 
A20-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 19.95 gm 
site soil No 2 0.01 1.5 24.47 4893.06 4.45 
A20-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 19.95 gm 
site soil No 2 0.01 1.478 23.2795 4655.9 4.232633
           
A19-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.04 gm 
site soil No 2 0.01 0.751 12.45 2489.16 2.26 
A19-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.04 gm 
site soil No 2 0.01 0.423 13.24 2647.39 2.41 
A19-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.04 gm 
site soil No 2 0.01 1.684 27.94 5587.80 5.08 
A19-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.04 gm 
site soil No 2 0.01 1.63 27.64 5528.74 5.03 
A19-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.04 gm 
site soil No 2 0.01 1.77 29.03 5806.77 5.28 
A19-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.04 gm 
site soil No 2 0.01 1.795 28.40 5680.13 5.16 
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A21-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 0.562 9.19 1838.55 1.67 
A21-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 0.366 12.00 2399.57 2.18 
A21-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.757 29.18 5835.25 5.30 
A21-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.688 28.64 5728.40 5.21 
A21-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.605 26.24 5248.39 4.77 
A21-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.601 25.27 5053.31 4.59 
           
A22-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 19.96 gm site 
soil No 2 0.01 0.613 10.07 2014.11 1.83 
A22-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 19.96 gm site 
soil No 2 0.01 0.407 12.89 2577.83 2.34 
A22-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 19.96 gm site 
soil No 2 0.01 1.769 29.38 5875.93 5.34 
A22-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 19.96 gm site 
soil No 2 0.01 1.721 29.21 5842.00 5.31 
A22-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 19.96 gm site 
soil No 2 0.01 1.429 23.26 4652.79 4.23 
A22-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 19.96 gm site 
soil No 2 0.01 1.366 21.47 4294.02 3.90 
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A25-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.137 19.09 3817.90 3.47 
A25-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 0.343 11.50 2299.57 2.09 
A25-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.711 28.40 5679.32 5.16 
A25-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.651 28.01 5601.03 5.09 
A25-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.586 25.92 5184.09 4.71 
A25-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.563 24.65 4930.53 4.48 
           
A26-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.03 gm site 
soil No 2 0.01 0.713 11.79 2358.35 2.14 
A26-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.03 gm site 
soil No 2 0.01 0.423 13.24 2647.39 2.41 
A26-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.03 gm site 
soil No 2 0.01 1.648 27.33 5465.76 4.97 
A26-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.03 gm site 
soil No 2 0.01 1.674 28.40 5680.21 5.16 
A26-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.03 gm site 
soil No 2 0.01 1.638 26.80 5360.07 4.87 
A26-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.03 gm site 
soil No 2 0.01 0.267 3.72 743.13 0.68 
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A27-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 0.638 10.50 2100.17 1.91 
A27-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 0.436 13.52 2703.91 2.46 
A27-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.682 27.91 5581.02 5.07 
A27-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.564 26.51 5301.55 4.82 
A27-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.594 26.06 5211.17 4.74 
A27-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.538 24.25 4849.76 4.41 
           
A28-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.00 gm site 
soil No 2 0.01 0.742 12.29 2458.18 2.23 
A28-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.00 gm site 
soil No 2 0.01 0.437 13.54 2708.26 2.46 
A28-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.00 gm site 
soil No 2 0.01 1.747 29.01 5801.36 5.27 
A28-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.00 gm site 
soil No 2 0.01 1.644 27.88 5576.94 5.07 
A28-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.00 gm site 
soil No 2 0.01 1.624 26.56 5312.69 4.83 
A28-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.00 gm site 
soil No 2 0.01 1.703 26.91 5382.88 4.89 
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A29-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 0.61 10.02 2003.79 1.82 
A29-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 0.295 10.45 2090.87 1.90 
A29-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.682 27.91 5581.02 5.07 
A29-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.691 28.69 5738.73 5.22 
A29-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.615 26.41 5282.23 4.80 
A29-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.02 gm site 
soil No 2 0.01 1.594 25.15 5030.69 4.57 
           
A30-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 0.634 10.43 2086.40 1.90 
A30-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 0.403 12.80 2560.43 2.33 
A30-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.677 27.82 5564.07 5.06 
A30-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.576 26.71 5342.86 4.86 
A30-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.568 25.62 5123.18 4.66 
A30-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.419 22.33 4465.27 4.06 
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A31-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 0.794 13.19 2637.18 2.40 
A31-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 0.356 11.78 2356.09 2.14 
A31-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.593 26.40 5279.32 4.80 
A31-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.673 28.38 5676.76 5.16 
A31-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 1.647 26.95 5390.52 4.90 
A31-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 20.01 gm site 
soil No 2 0.01 0.376 5.48 1095.32 1.00 
           
A32-
110303 2/9/2004 101 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 0.639 10.52 2103.61 1.91 
A32-
110303 3/1/2004 122 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 0.643 18.02 3603.91 3.28 
A32-
110303 3/11/2004 132 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.504 24.89 4977.63 4.53 
A32-
110303 3/29/2004 150 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.574 26.68 5335.97 4.85 
A32-
110303 4/30/2004 182 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.579 25.80 5160.41 4.69 
A32-
110303 5/21/2004 203 
100 ml 10% HPBCD and 
Site Water, 19.98 gm site 
soil No 2 0.01 1.485 23.39 4678.51 4.25 
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the knowledge she has gained over the years. Thus sharing the joy and excitement she has found 
in the wonderful subject of geology.   
